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Abstract 
This thesis is concerned with the liquid-liquid extraction and separation of Y, Ce, La, 
binary mixtures, and ternary mixtures as well as synthesis of novel amide ligands for 
the extraction of rare earth elements. 
Chapter I is the general introduction of the practical process and applications of 
solvent extraction and its theory. It describes systems involving compound formation, 
ion-association and solvation as well as solvent loading capacity, dispersion and 
coalescence. The aims of this thesis are also presented. 
Chapter 2 presents an introduction to yttrium chemistry and recent developments in 
yttrium extraction chemistry. It describes the relevant factors affecting the liquid- 
liquid extraction process to determine the optimum conditions for yttriurn extraction 
from sulfate liquor. These factors include TiOA concentration, contact time, pH 
value, temperature, aqueous phase composition, diluent and construct of McCabe- 
Thiele diagram. In addition, the synergistic effect of using TBP, TOPO and D2EHPA 
and the optimum conditions for the stripping process are deten-nined. 
Chapter 3 contains introduction to cerium chemistry and recent developments in 
cerium extraction chemistry. The optimum conditions for solvent extraction of 
cenum(III) from a sulfate medium, and synergistic effects using TOPO and 
D2EHPAon the extraction process are studied. Also, the relevant factors affecting 
cerium(Ill) stripping efficiency are determined. 
Chapter 4 presents a brief introduction to lanthanum and recent developments in 
lanthanum extraction chemistry. The optimum conditions for solvent extraction of 
lanthanum from sulfate media, with synergistic effects using TOPO, D2EHPA and 
TBP are described. In addition, the suitable conditions for the lanthanum stripping 
process are determined. 
Chapter 5 contains the principles of separation and liquid-liquid extraction of binary 
(Y/La) and ternary (Nd-La-Y) element systems. The optimum conditions for the 
separation of both systems were investigated. 
Chapter 6 describes the synthesis and characterization of several novel piperazine and 
piperidine amide ligands. These ligands have good extraction ability for both light and 
heavy rare earth elements. The optimum conditions for solvent extraction of yttnum 
and cerium(III) using these ligands were studied. The chapter also, contains the 
experimental procedures and characterising data for ligand synthesis in this thesis. 
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The nomenclature of solvent extraction. 
A/O: Volume phase ratio of aqueous to organic phases, may also be expressed as 
O/A. 
Aqueous Feed: The aqueous solution feed to the extraction stage, which contains the 
metal or metals to be extracted. 
Crud: The materials resulting from agitation of an organic phase, an aqueous phase, 
and fine solid particles that form a stable mixture. Crud usually collects at interface 
between aqueous and organic phases. 
Counter Current Extraction: Extraction in which the aqueous and organic phases 
flow in opposite directions. 
Diluent: The organic liquid in which an extractant and modifier are dissolved to forin 
a solvent. 
Extract: Used as a verb to describe the transfer of a metal from one phase to another. 
Extractant: The active organic component of the solvent primanily responsible for 
the extraction of a metal. 
Extraction: The operation of transferring a metal from an aqueous to an organic 
phase. 
Extraction Raffinate: ne aqueous phase from which a metal (or metals) has been 
removed by contacting with an organic phase. 
Loaded Solvent: The organic solvent containing the maximum concentration of a 
metal for the conditions under which extraction occurred. 
Loading Capacity: Refers to the saturation limit of a solvent for a metal or metals. 
Mixed Solvent: A solution of more than one extractant in an organic diluent. 
Modifier: A substance added to a solvent to increase the solubility of the extractant, 
also added to suppress emulsion formation. 
Scrubbing: The selective removal of a metal or impurities from a loaded solvent prior 
to stripping. Also removal of solvent degradation products and non-strippable 
complexes from the solvent usually after stripping. 
Scrubbed Solvent: The organic phase after removal of contaminants by scrubbing. 
Scrub Solution: The aqueous solution used to contact the loaded solvent for the 
removal of contaminants. 
Scrub Raffinate: The aqueous phase after contacting the loaded solvent. 
XXVI 
Stage: A single contact (dispersion and disengagement). Also refers to a theoretical 
stage, which is a contact that attains equilibrium conditions in a particular sý'stem. 
Stripping: The removal of extracted metal from the loaded solvent. Selecti'V e 
stripping refers to separate removal of specific metals from a solvent containing more 
than one metal. 
Strip Solution: The aqueous solution used to contact the loaded (or scrubbed) solvent 
to recover the extracted metal. 
Strip Liquor: The aqueous solution containing the metal recovered from a loaded 
solvent by stripping. 
Stripped Solvent: The solvent after removal of extracted metal by stripping. 
Synergism: The cooperative and beneficial effect of two or more extractants or 
reagents that exceeds the sum of the individual effects. 
Contactor: Advice for dispersing and disengaging immiscible solution mixturcs; it 
may be single or multi-stage. 
Distribution: The apportionment of a metal (solute) between two phases. 
Equilibrium: The position when chemical potentials of both aqueous and organic 
phases are equal. 
Solvent Equilibration: Treatment of the solvent prior to its entering the extraction 
stage. 
Distribution (Extraction) Coefficient: The ratio of total concentrations of metal 
after contacting an aqueous and an organic phase under specified conditions. 
D= Concentration of metal in organic phase/Concentration of metal in aqueous phase 
Extraction Isotherm: The graphical presentation of isothermal equilibrium 
concentrations of a metal in the aqueous and organic phases over an ordered range of 
conditions in extraction. 
Load: To transfer of a metal from an aqueous to an organic phase. 
pHI/2: That pH value at which the extraction coefficients unity. 
Separation Factor: The ratio of the extraction coefficients of two metals being 
compared. 
Settling: Separation of dispersed immiscible phases by coalescence or sedimentation. 
Solvent Extraction (SX): Separation of one or more solutes from a mixture by mass 
transfer between immiscible phases in which at least one phase is an organic liquid. 
xxvil 
Solvent: Mixtures of an extractant, diluent, and in some cases a modifier. The organic 
phase which preferentially dissolves the extractable metal species from aqueous 
solution. 
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List of abbreviations 
D2EHPA di-2-ethylhexyl phosphoric acid 
PC88A or EHPNA 2-ethylhexyl phosphonic acid mono -2 -eth y1hex yl ester 
Cyanex 272 di-(2,4,4-tnmethylpentyl) phosphinic acid 
Cyanex 301 di-2,4,4, -tnmethylpentyl dithiophosphinic acid 
Cyanex 302 di-2,4,4, -tfimethylpentyl monothiophosphinic acid 
Cyanex 923 a mixture of four trialkyl phosphine oxides namely 
R3P(O), R2R'P(O), R2'R-P(O), R3'P(O) 
where R is an n-octyl chain and R' is an 
n-hexyl chain 
LIX63 2,8-diethyl-7-hydroxy dodecan-6-oxime 
TTA thenoyltrifluoroacetone 
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Chapter One 
Introduction to liquid-liquid solvent extraction 
Chapter I 
1.1 General introduction. 
Just over one hundred and thirty years have passed since Berthelot and Jungfleish 
first enunciated a law governing the distribution of a metal species between two 
immiscible phases. Since that time the technique and theory of solvent extraction havc 
advanced as the theories and knowledge of solution chemistry and metal complexes 
have progressed. Almost all of our present-day knowledge of this process has been 
derived from analytical chemistry. 
In the 1940's the need for the separation and recovery of radioactive materials saw the 
introduction of solvent extraction to large-scale operations, and from this the 
technique has been applied to metallurgical processing. The large amount of 
continuing work on both reagents (different extractants) and systems (mixer-settler or 
column) has resulted in the adoption of solvent extraction as a unit process in 
hydrometallurgical operations for the recovery of a number of non-ferrous metals. 
The process of solvent extraction, which also may be called liquid-liquid extraction, 
as applied in metallurgical processes, can be described quite simply by equation (1): 
M+Eý ME (1) 
Where M is the metal, E is the extractant 
In the first step (extraction stage) the metal, M, is transferred from an aqueous phase 
to an organic phase (the organic phase is represented by a superscript bar) to form 
complex ME, in which case the process requires that the equilibrium position in this 
equation be shifted to the right. The second step is the reverse of the first, that is, the 
metal is transferred from the organic phase to an aqueous phase (stripping stage). This 
process requires that the equilibrium position be shifted to the left. Essentially, the 
solvent extraction of metals is a simple operation requiring only a shift in the 
equilibrium between the extraction and stripping processes. In attempting to 
understanding the mechanism involved in metal extraction, however, the situation can 
become complex, depending on several factors, among which the type of extractant 
and the composition of the aqueous phase are the most important. 
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Thus the theory of metal extraction into and out of organic medium involves the 
chemistry of metal complexes in both aqueous and organic media. 
1.1.1 The Practical Process of Solvent Extraction. 
The general solvent extraction circuit is shown schematically in Fig. 1.1. The metal 
beanng-aqueous feed solution and solvent are fed, usually in a counter-current 
manner, into a contactor (mixer) in which the two phases are mixed. In this stage the 
metal of interest is transferred from the aqueous to the organic phase. After settling, 
the aqueous phase or raffinate is separated and treated for the recovery of other 
metals, or goes to waste. From the extraction stage, the loaded solvent may go to 
another contactor where it is scrubbed with a suitable aqueous solution to remove 
small amounts of metals or impurities co-extracted in the extraction stage. After 
scrubbing, the loaded solvent passes to a third stage in which the metal is stripped 
from the organic phase by some suitable aqueous solution producing a concentrated 
solution of metal salt, which then goes to further processing for metal production. The 
stripped solvent is recycled back to the extraction stage; if necessary it is treated 
(equilibrated) prior to entering the extraction stage. Each of the three stages described, 
namely extraction, scrubbing, stripping, may involve several contactors in each stage. 
Thus the extraction of uranium (for example) from sulfate liquors using a tertiary 
amine as the extractant may require three contactors for extraction, one for scrubbing, 
and two for stripping. 
This chapter discusses the theory of solvent extraction processes. Additional 
inforination to practical aspects of solvent extraction is provided in Chapter 2. 
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1.2 Licluid-liquid extraction applications and equipment (contactors). 
The evolution and development of new liquid-liquid extraction processes has been 
strongly dependent upon the structural changes, which have occurred within the 
chemical industry as a whole. Liquid-liquid extraction currently plays a very 
important role in many area of chemical processing, which are now discussed in turn. 
1.2.1 Nuclear fuel extraction 
The traditional sources of energy used in the production of electricity, coal and oil 
have a finite availability. Consequently, research and development into altemati,, v 
forins of energy will be needed. The renewable energy sources such as wind, solar, 
tide and geothermal power are unlikely to be able to meet more than a small fraction 
of the world's energy needs. In Britain, for example, hydroelectnic power has been 
almost fully exploited, whilst the use of other renewable energy sources is limited. In 
contrast, nuclear power provides an energy source for the production of electricity, 
which is both available and reliable. Nuclear power is derived from uranium, which 
has no significant commercial use other than as a fuel for nuclear clectricity 
generation. The fuel in a modem nuclear reactor comprises uranium oxide or mixture 
of plutonium and uranium oxides. The nuclear fission of the fissile heavy atoms 
releases huge amounts of heat, which can then be used to generate steam and drive a 
turbine to produce electricity as in any conventional power station. The nuclear fission 
process also produces gamma radiation, neutrons, and fission products. (2) 
Most of the nuclear power stations in the world are then-nal reactors. Thermal 
reactors use uranium-235 as their fuel, an isotope that makes up some 0.7 per cent of 
the naturally occurring uranium mined from earth's crust, the remainder being the 
isotope uranium-238 that does not undergo fission readily. In order to achieve the 
most efficient fission of uranium-235 a thermal reactor contains a moderator such as 
water or graphite, which slows down the fast neutrons produced in the fission process 
by repeated elastic collision. 
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A fast reactor differs from a thermal reactor in that it uses plutonium as a fuel, which 
needs fast neutrons to sustain the fission process, and has no moderator present v, -hich 
would slow down the neutrons. Fast reactors are fuelled with mixed plutonium and 
uranium-238 oxides and have a further blanket of uranium-238 around the reactor 
core. The plutonium is consumed in the reactor by the fission process to provide the 
heat to generate electricity whilst at the same time the uranium-238 captures some of 
the neutrons produced in the fission process and is transmuted into plutonium. 
Nuclear fuel reprocessing using solvent extraction is an essential component of the 
system required to maintain supplies to current and future electricity producing 
operating reactors (Fig. 1.3). Fig. 1.2 shows uranium refining and conversion from 
yellow cake by using liquid-liquid extraction technique. 
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1.2.2 Hydrometallurgical extraction. 
Hydrometallurgy involves a series of interlinked unit processes for the reco,, cr\ and 
purifications of elements using aqueous solutions. One of the essential features of 
present flowsheets is the inclusion of a solution treatment step to purify and 
concentrate the desired element before recovery (Fig. 1.4). Several techniques are 
available but liquid-liquid extraction has the greatest versatility for the separation of 
elements and also the range of solution concentrations, which can be treated. This 
process is therefore now seen as the preferred technique for the treatment of the leach 
liquors in gold and uranium operations for example. (4) 
Following mining and preliminary ore treatment, the feed is subjected to leaching 
with an aqueous solution, chosen on the basis of the mineralogy of the ore, 
availability of chemicals, and overall flowsheet demands. Three major types of 
leaching solution are commonly used: acids, normally sulfuric-, bases, for example 
ammonium carbonate or sulfate; and oxidizing solutions, such as iron(l I I) 
chloride. (2) This variation in solution species largely deten-nines the nature of the 
extractant to be used. Also extractant selection is influenced by the nature and 
concentration of the elements present as impurities in the leachate. Thus in most 
flowsheets it is necessary to remove iron prior to solution purification, by 
precipitation as a complex sulfate, a hydrated oxide species, or to select an extractant 
which will preferentially extract the desired element leaving iron in the raffinate. 
(2) 
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A list of common used hydrometallugical extractants is given in Table 1.1. 
The general requirements that an extractant should satisfy for hydrometallurgical 
operation are as follows. (5) The strength of an extractant is a measure of its abiliO" to 
transfer the metal both in extraction and stripping. This includes such properties as 
metal loading capacity; the ability of selectivity is to provide a pure product free from 
impurities; a high solubility in the chosen organic diluent of both the extractant and 
the metal complex. This determines the required volume of the organic phase and 
hence the size of the plant. Also, low aqueous solubility of the extractant is desirable 
to minimize its loss from the circuit to the environment. The speed, kinetics of 
extraction and stripping determine mixer size and stage efficiency in the solvent 
extraction process. Good separation of the aqueous and organic phases are required 
after contacting either in extraction or stripping, with little tendency to forin stable 
emulsion; finally, the extractant should have good stability with regard to hydrolysis 
and oxidation, thereby allowing extensive recycling without degradation. In addition, 
any degradation products should preferably be inactive towards extraction. 
An addition should be made to this list, that is, easy synthesis and low cost. Also, 
because it is unrealistic to assume that no organic phase will be released into the 
environment, (6) the extractant and diluent should be non-toxic and biodegradable. 
Hydrometallurgical techniques have fewer environmental problems compared to older 
technologies for metal refining. As world supplies of high-grade ores are decreasing, 
techniques are required for the recovery of metals from low-grade ores, transition ore, 
dumpstocks, mixed metals and residues. (7) Hydrometallurgy is being developed as a 
more enviromentally sound and diverse technique to adress these challenges. 
(8) In 
addition, it has some economic benefits, as it avoids the high temperatures of 
pyrometallurgy. Transport costs can be reduced because plants can be situated near 
the ore bodies. Hydrometallurgical. methods use reactions in aqueous solutions to 
extract selectively and/or concentrate targete metal ions. 
(9) The hydrometallurgical 
process often involves leaching of the ore as the initial step. Leaching is the selective 
dissolution of the metal and this is often carried out with sulfuric acid. Liquid-liquid 
extraction is the next stage in the process and involves the selective transport of metal 
ions into organic phase. 
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Table I. I: Some extractants used in hydrometaflurgical processes. 
Extractants Chemical name Trade name Uses 
(A) Acidic (1) di-2-ethylhexyl D2EHPA Co/-Ni separation, 
extractants phosphoric acid Zn, Be, Cu, Ga, 
Rare earths, and 
synergistic -vvith 
TOPO for Lý from 
H3PO4 
(2) di-p-octylphenyl OPPA U from H3PO4 
phosphoric acid 
(3) 2-ethylhexyl PC-88A Co/Ni separation, 
phosphoric acid Zn, Th, U, and Rare 
mono-2-ethylhexyl earths 
ester 
(4) di-2,4,4- Cyanex272 Rare earths, Co[Ni, 
trimethylphenyl and V 
phosphoric acid 
(5)5,8- DNNS Co, and Ni 
dinonylnaphthyl 
sulfonic acid 
(B) Basic extractants 
(1) Primary 1,1,3,395,5,79799,9- Primene JMT Th, U, and Rare 
amine decamethyl earths 
decylamine 
(2) Secondary di-tridecy=dne Adogen283 Thq U, Cr, Cu, Cd, 
amine and Mo 
(3) Tertiary (1) tri-octylamine TOA/Alamine U, V9 W9 Mo, Cu, 
amine Co, and Rare earths 
(2) tri- TiOA/Adogen381 U, V, W, Mo, Cu, 
isooctylamine Co, and Rare earths 
(4) Quaternary Tri-octylmethyl Aliquat336 U, Mo, V, and NN' 
ammonium ammonium 
salt chloride 
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Table 1.1 continued. 
(C) Solvating (1) tri-n- TBP U, Zr/Hf, Fe, 
extractants butylphosphate and Rare 
earths 
(2) tri-octylphosphine TOPO U from H3PO4 
oxide 
(3) tri Cyanex471 Ag/Cu, and 
isobutylphosphine Pd/Pt 
sulfide 
(4) methyl isobutyl MlBK Ta/Nb, HUZr, 
ketone Au, and Li 
(5) 2-hydroxy-5- LIX64 Cu, and Ni 
dodecylbenzophenone 
oxime 
(6) 2-hydroxy- LIX70 Cu 
3chloro-5- 
nonylbenzophenone 
oxime 
(7) 8-hydroxy-7-(4- Kelex Cu, and Zn 
ethyl- 1 -methyloctyl)- 
8-hydroxyquinoline 
. 
1.3 Types and selection of contactors 
The technique of liquid-liquid solvent extraction for the separation of multicomponent 
mixtures involves the partitioning of two or more solutes between immiscible solvents 
and such processes in general require a greater number of theoretical stages than is 
necessary for the extraction of a single solute. The key piece of equipment for any 
solvent extraction process is the contactor in which the two immiscible phases are 
mixed together. The purpose of the contactor is to mix intimately the two phases to 
provide sufficient interfacial area across which the transfer of the required solute takes 
place. The types of contactor that have been used in reprocessing plants comprise box 
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and pump mixer-settlers, pulsed columns, pulsed packed and plate columns, and 
centrifugal types. (10' 11) 
There is no universal contacting equipment suitable for all solvent extraction 
operations. Even within a plant, it may be completely wrong to select the same type 
of contactor for all stages of the extraction process. Each plant, therefore, has to 
select the type of aqueous feed and composition, the solvent type govern the final 
selection on and composition, and how physical characteristics affect the mixing 
process, flow patterns and coalescence. (12) Naturally the mass transfer efficiency in 
the cycle must also be considered. With an adequate understanding of all physico- 
chemical variables present in the process that will thus have an effect on the 
extraction, as well as the minimizing of emulsion and crud, then the right equipment 
for that plant can be selected. (13,14) The type of equipment and the method of 
agitation used to achieve mass transfer are of concern, if emulsion fori-nation is to be 
minimized. (13) Degradation of the solvent may have to be considered in the 
equipment choice, depending on the chemical system. In one plant, centrifugal 
contactors were chosen over mixer-settlers because they resulted in lower solvent 
degradation. (15) 
1.3.1 Basic DrinciDles of extractors. (16) 
The basic requirements of an industrial contactor may be summarized as follows: 
Efficient extraction; maximum surface area of mass transfer; adjustable flow feeds for 
maximum solute recovery; and low capital, operating and maintenance costs. 
In general, there are three main types of extractors, which are now briefly discussed in 
turn. 
1.3.2 Mixer-settlers. 
The mixer-settler is a multistage device, with each stage having two parts: the mixer 
where one phase is dispersed in the other by mechanical energy to permit solute 
extraction between two immiscible phases; and the settler where one phase 
disengaged from the other (Figs. 1.5,1.6). Mixer-settlers may be stacked ý! ertically or 
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horizontally with flows generally counter current between devices. The aim of any 
design of mixer-settler is to make the total equipment volume as small as possible, 
and the mixer chamber should be of sufficient size to give an adequate residence time 
to bring the two phases close to equilibrium. In addition, the settler should be big 
enough to ensure complete phase disengagement. For such a system, the two liquid 
phases are added and mixed. Due to their density differences, one phase will settle 
out and the mixture will be separated. (17) There are many advantages of mixer- 
settlers- they are efficient, have a low head room, induce good contacting and can 
handle any number of counter-current stages. However, few disadvantages such as 
high operating costs and high set-up costs must be considered. 
Fiaure 1.5: Use of mixer-settlers in a hydrometallurgical process. 
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1.3.3 Contacting columns. 
Contacting columns are practical for most liquid-liquid extraction systems. The 
packings, trays, or sprays increase the surface areas in which the two liquid phases 
can intermingle. This also allows for a longer flow path that the solution can travel 
through. There are two types of columns: Columns without agitation (static, Fig. 1.7) 
which have the advantages of small investment costs and low operating costs but 
suffer from the disadvantages of being both difficult to scale up from the laboratory 
and less efficient than mixer-settlers. Columns with agitation (Fig. 1.8) give good 
dispersion, have low investment costs and can handle any number of stages. However, 
they are less efficient at separating phases with small density difference and do not 
tolerate high flow ratios. (19) 
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1.3.4 Centrifup_al extractors. 
Centrifugal contactors are ideal for systems in which the density difference between 
the phases is small. In addition, these systems have the following adN antages over 
other contactor types: Short residence times, leading to less solvent damage; smaller 
space requirements; easier wash out; and greater flexibility with respect to physical 
properties of solutions (e. g. density, viscosity). Also, in these systems, mechanical 
devices are used to agitate the mixture to increase the interfacial area and decrease 
mass transfer resistance. (19) But they have both high set-up costs and high operating 
and maintenance costs. 
1.4 Solvent Extraction Theory, 
When a metal -containi ng aqueous phase is shaken with an organic phase the metal 
species will be distributed between the two phases. The distribution may be mainly 
chemical or physical in nature, depending on the system. Physical extraction involves 
the separation of simple, uncharged covalent molecules such as the halides of 
arsenic(LH), antimony(LH), and genTianium(LLI), into organic solvents such as carbon 
tetrachloride. In such cases the Nernst distribution law (22) is usually valid, and the 
distribution coefficient, KD, is independent of both the total solute (metal) 
concentration and the phase ratio (the ratio of the volumes of the aqueous and organic 
phases). 
Then KDis simply the ratio of metal concentrations in the two phases: 
M (2) 
M 
Thus the Nernst law depends only on the solubility of metal species in the solvent 
phase. No strong chemical interactions between the metal species and the organic 
phase take place; that is, the metal is in an identical chemical fon-n in both phases. 
Alternatively, the extraction of metals can also involve a chemical reaction between 
the metal species present in the aqueous phase and one or more components of the 
organic (solvent phase). As a result, the Nernst distribution law does not hold in such 
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systems, although it will be seen that the basic equation used in practical solvent 
extraction studies resembles closely the Nernst distribution equation (see below). 
Normally a metal ion exists in aqueous solution as a hydrated ion with little or no 
tendency to transfer to an organic phase. Thus in order to achieve the required transfer 
the metal ion has to be modified. To convert a metal ion to an extractable species its 
charge requires neutralisation and some or all its water of hydration has to be replaced 
by some other molecule or ion. These requirements can be met by complexing the 
metal ion with an ion of opposite charge to form a neutral species, which at the same 
time replaces some or all of the water of hydration around the metal ion. The 
forination of ion-association complexes in this way also provides for the formation of 
a neutral complex with the extractant. We can consider the overall process as one of 
converting a hydrophilic species into a lipophilic species. 
Complexation of a metal ion can be achieved as a process in which the hydrated water 
molecules are replaced by other more complex ligands. All complexation reactions 
are substitution reactions. The nature of the extractable metal species is therefore of 
fundamental importance in metal extraction systems. So, we can classify extraction 
systems on this basis, depending on whether they result in compound formation, ion- 
association, or simply solvate the metal ion. 
This method of classification is not meant to imply that these systems are mutually 
exclusive, but to simplify discussions of the various systems. Indeed, some extractants 
can belong to more than one class. The theory of solvent extraction is based on that 
used in analytical chemistry, and because most metal extraction systems in this field 
involve metal chelate complexes, most of the theory also concerns such complexes. 
(23,24) Our knowledge of the chemistry of metal-organic complexes and our 
understanding of solvent extraction processes involving metal chelates is much 
greater than for the other extraction systems. 
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1.5 Systems Involving Compound Formation. 
The simplest equation that can be written to illustrate the extraction of a metal ion, 
Mn+, by an extractant, HA, is 
M" + nHA MAn + nW (3) 
Since this resembles the process of solid-liquid ion exchange, in which HA is 
equivalent to an ion-exchange resin, it is not surprising that solvent extraction is also 
referred to as liquid ion exchange. Thus systems employing chelating and acidic 
extractants are cati on- exchanger systems, while those basic extractants employing 
amines are anion-exchanger systems. One point, which should be made, is that we 
should consider the activities of the various species involved in metal extraction, 
rather than their concentrations. However, provided the concentrations of the metal 
are low, activity and concentration may be regarded as the same. In the following 
discussions we shall use concentrations, simply because this makes the equations 
much less cumbersome to deal with. 
Equation (3) indicates that the extraction of a metal described by this equation is 
heavily dependent on the equilibrium pH of the aqueous phase. Thus, as the pH Is 
decreased (and the hydrogen ion concentration increased), metal extraction will 
decrease since the equilibrium will be shifted towards the left. Conversely, as the pH 
is increased, metal extraction will increase. Of course, a limit is imposed here by the 
pH at which the metal chelate hydrolyses. The extraction is also dependent on the 
stability of the extractable metal complex formed, which is a function in part of the 
extractant. 
For example, in the extraction of copper(II) by a monobasic reagent, HA, the 
extraction of one mole of copper will produce two moles of hydrogen ions. 
CUS04+ 2HA Cu(A)2 + 2H + +S04 (4) 
And in the extraction of ferric iron, three moles of hydrogen ions will be produced for 
every mole of Fe(LU) extracted: 
Fcl(S04)3 + 6HA ý- 2Fe(A)3 + 6H+ + 
3SO4 2- (5) 
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In order to achieve high metal loading of the solvent, the hydrogen ion produced must 
be neutralised in order to drive equilibrium to the right. 
The degree to which a metal is extracted by a solvent can be determined by an 
analysis of the aqueous phase. (25) Let us consider the extraction of copper as 
illustrated by the equation (4). If we shake together an aqueous solution of copper 
sulfate of known concentration with a volume of, 8-hydroxyquinoline (oxine) solution 
at suitable pH, at equilibrium we will have. 
CUS04 + 2HOx CU(OX)2 + 2H+ +S04 
2- 
(6) 
OH 
Fip_ure 1.9: Chemical structure of 8-h_ydroxyquinoline (oxine). 
The amount of copper extracted is determined by analysis of the aqueous phase 
(raffinate) after shaking. Since we know the initial concentration of copper we can 
calculate its concentration in the organic phase. This analytically detennined 
distribution ratio of a metal between an aqueous phase and an organic phase is known 
as the extraction coefficient, or the distribution coefficient, D, and is defined as. 
D concentration of metal in the organic phase (7) 
concentration of metal in the aqueous phase 
This very simple relationship is basic to all solvent extraction studies, and provides 
much of the data on which solvent extraction processes are based. Calculation of D, 
based only on the initial metal concentration in the aqueous phase and its 
concentration in the raffinate, assumes that a mass balance of the metal Ion is 
obtained. There are conditions that must be taken into consideration in the use of this 
approach to the deten-nination of D. 
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These conditions are: No volume change occurs on shaking the two phases; no third 
phase is formed; and so-called crude (an emulsion between the aqueous and organic 
phase) should not be formed. The presence of crude, or a third phase, in any shake-out 
will mean that the system is unsuitable for a solvent extraction process. 
As defined, D is independent of the phase ratio of the aqueous and organic phases. 
However, it would be evident that the phase ratio will influence the amount of metal 
extracted. For example, the amount of extractant available for extraction purposes is 
given by its concentration multiplied by the phase volume: 
Total amount of HA = [HA] xV 
where V is the volume of the organic phase. 
(8) 
Now the equilibrium constant (KE) for the system described by equation (3) is given 
by: 
(MAJ (H')' KE = 
(Mn+)'(HA)tl (9) 
which is a mathematical expression for the law of mass action. This law, due to 
Guldberg and Waage, (26) states that the velocity (rate) of a chemical reaction is 
proportional to the active masses of the reacting substances, where active mass will be 
taken as concentration. 
If this law is applied to a simple reversible reaction at constant temperature, such as: 
A+B C+D 
then the rate, or velocity, at which A and B react is proportional to their 
concentrations: 
Vf = Kf (A)(B) (11) 
where Vf is the velocity of the forward reaction which produces the reaction products 
C and D, and Kf is the proportionality constant. In the same way the reverse reaction 
can be wntten as: 
V, = K, (C)(D) 
Now at equilibnum, Vf' = V, so: 
Kf (A)(B) = K, (C)(D) 
(12) 
(13) 
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K 
Kf (C)(D) 
(14) E K, (A)(B) 
where KE is defined as the equilibrium constant for the reaction at constant 
temperature. This equation tells us if one of the reactant or product concentrations is 
changed, the equilibrium will adjust itself so as to keep KE constant. If the 
concentration of metal ion in the aqueous phase is increased, then the amount of metal 
extracted will increase to compensate and maintain KE constant. This assumes that 
there is sufficient free extractant available in the solvent to extract more metal, This 
effect is prevalent in solvent extraction processes in which the solvent is loaded to 
near its maximum; an increase in metal concentration in the feed cannot be extracted 
and hence remains in the raffinate. 
KE- E[ 
(H')] 
L (H, 4)] 
refer to eq. (3), (9) and so 
A)]n 
E=KE[ 
(H 
(16) 
(H') 
The extraction coefficient E, is proportional to the equilibrium constant, to the n th 
power of the extractant concentration in the solvent phase, and is inversely 
proportional to the n Ih power of the hydrogen ion concentration in the aqueous phase. 
Also, E is independent of the total metal concentration. 
If we sum the equilibria involved in solvent extraction (Fig. 1.10), assuming that 
ionisation of the extractant occurs in the aqueous phase, the equilibrium constant is 
then: 
Ki = 
(H')(A-) 
(HA) 
(17) 
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Organic HA MAn 
Phase Al if 
HA 
Aqueous Mn+ + nA- MAn Phase 
+ 
nH+ 
Fiv, ure 1.10: Some equilibria involved in the extraction of a metal. 
This is followed by fori-nation of the extractable metal complex, which is a stepwise 
series of reactions: 
Ki 
Mn+ + A- MA 
K, 
MA("-')' 
(Mn+ )(A-) 
K, 
MA (n-l)+ + A- - 
'0-- MA2 (n-2)+ 
K 
(MA2 (n-2)+ ) 
2 (MA(n-l)+ )(A-) 
Kn-i 
MA(n-2) 2+ + A- ---% ý- 
MA(n-1) 
K= 
(MA(n-, )+) (20) 
(n-1) (MA(n-2) 2+ )(A-) 
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Ký 
MA(,, -, )+ + A- - MAn 
(MAJ 
(21) 
(MA(n-])+(A-) 
The overall formation constant for the MA,, complex, Kf, is: 
Kf = KIK2 ............. K, -, 
K, (22) 
For the distribution of the extractant between the two phases we have: 
(HA) 
(23) 
(HA) 
This value will depend on the solubility of the extractant in the aqueous phase. It 
should be noted that the value of K, could vary considerably depending on the salt 
concentration, temperature, and pH of the aqueous phase. 
The other equilibrium conditions for the metal-extractant species between the queous 
and organic phases (KmA, ) are shown in Fig. 1.10. 
KMAn 
- 
ýjvizin) (24) 
(MAn) 
Other reactions which may be operative, but not shown in Fig. 1.10, are those 
involved in metal complexation in the aqueous phase hydrolysis: 
M(H2 O)mn+ M(H20)m-I(OH)(n- ')+ + H+ (25) 
and complexation involving any anionic components in the aqueous phase: 
m n+ + X- 1. - - mx( (26) 
An example of the latter is ion-association or outer-sphere complexation such as: 
2+ 2- 2+ 2- Co(H20)6 + S04 Co(H20)6 . S04 (27) 
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1.6 Solvent loading capacity. 
The major importance in commercial solvent extracti i ing ion processing is the limiti 
portion of the extraction coefficient (E), expressed as E against percent of TBP in the 
organic phase plots as shown, for example, in Fig. 1.11. The extent of the limiting 
portion of the extractant depends on factors such as the pH at which hydrolysis or 
complexation of the metal ion occurs in the aqueous phase, the solubility of the 
extractable species in the solvent phase or the loading capacity of the solvent. 
0.3 - 
0.25 - 
0.2 - 
Lu 0.15 - 
0.1 - 
Slope -- 2 
0.05 - 
0 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
TBP in organic phase, % 
Fip_ure 1.11: Variation of extraction coefficient of uranium with 
TBP concentrations. (26) 
Many solvent extraction processes are operated in this region simply because this is 
where maximum utilisation of the solvent occurs under the particular set of conditions 
used. While it is not absolutely necessary, nor indeed always possible (for example, as 
a result of high viscosity of the solvent) to operate at the point of maximum solvent 
loading, doing so ensures that a minimum solvent flow rate is required, which is of 
considerable economic importance. 
It should be pointed out that for a single-stage process (of which there are very few) 
the above comments apply directly. In a multi-stage process, and most commercial 
operations are of this type, we are talking about the last stage of the extraction circuit, 
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and the stages prior to this will have lower solvent utilisation. For a system involving 
the separation of the two metals where the separation factor is small, it is usually best 
to operate under maximum solvent loading conditions consistent with low metal loss 
to the raffinate, in order to inhibit co-extraction of the metal having the lower 
extraction value. 
The maximum loading obtainable by a solvent depends, among other things, on the 
total available or free extractant and on the solubility of the metal -extractant species, 
rather than any limitation in the extent of extraction. The solubility of an extractable 
species depends in large part on the diluent used in the solvent, and also on any 
modifier present. Poor solubility of an extracted species results, in many cases, in the 
formation of a third phase intermediate in density between the diluent and the aqueous 
phase. To inhibit third phase formation a modifier is usually added to the solvent to 
increase the solubility of the extracted species. 
Extraction of a metal by a particular solvent does not necessarily increase linearly 
with increase in the extractant concentration in the solvent. An example is shown in 
Fig. 1.13, for the case of extraction of cobalt with D2EHPA (di-2-ethylhexyl 
phosphoric acid). 
RO 0 
RO 
H-0 \OR 
p 
- H-----O 
""'NOR 
Fip, ure 1.12: Dimer form of D2EHPA. 
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Figure 1.13: Extraction of cobalt by D2EHPA as a function of D2EHPA 
concentration. (27) 
The deviation from linearity may be due to dimerisation or polymerisation of the 
extractant, or a decrease in solubility of the extractable cobalt complex without the 
formation of a third phase. An approximate idea of the loading capacity of a particular 
solvent can be calculated knowing the composition or structure of the extracted 
species, and the concentration of the extractant in the solvent. For example kelex 100, 
a substituted 8-hydroxyquinoline, forms a 1: 2 metal: extractant complex with copper 
ion (Cu 2+ ). Thus a 0.5 M solution of kelex 100 (Fig. 1.14) in an inert diluent should 
have a maximum loading capacity of 0.25 M copper, that is, 0.25 x 63.5 =1 5.9 g Cu 
dM-3 . This agrees well with the experimentally 
determined loading of such a solvent, 
namely 15.0 g Cu dm-3. (25) Similarly, kelexlOO forms a 3: 1 complex with Fe 3+ , thus 
the same solvent should load 0.5/3 x 55.8 = 9.3 g Fe dm-3 . 
(25) 
Generally, the greater the ratio of extractant to metal in the extractable species, the 
lower will be the loading capacity of a given solvent unless, the atomic weight of the 
metal is sufficiently high to reverse this. The theoretical loading capacity of solvents 
is usually attained in practice only for those, which contain a low extractant 
concentration. The higher the extractant concentration, the greater is the deviation 
from theory. 
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CH3 C2H5 
OH 
Figure 1.14: Chemical structure of (kelexlOO) 7-(4-ethyl-l-methyloctyl)-8- 
hvdrox-vciuinoline. 
1.7 Systems involving ion-association. 
Systems employing ion-association are much more difficult to analyse than the other 
types. This difficulty arises from our lack of understanding of species in concentrated 
solutions. Ion-association or outer-sphere complexation results from physical 
attractive forces between oppositely charged species. For example, the association of 
ions A+ and 13- to form an ion-association complex A+. B-. 
A++ B- -W -ý (A +. B-) (28) 
for which the association constant, K,,,, is given by: 
K ass 
[(A'. B-)] (29) 
[A'][B-] 
Ion-association is largely dependent on dielectric constant, C, and will increase with a 
decrease in the c of the solvent. The high c of water (78.5 at 25 'C) would tend to 
inhibit ion-association, but as the ionic concentration is increased then c decreases. In 
solvents of low c, ion-association would tend to be the rule. 
Ion-association also increases with temperature in solvents of high c since c decreases 
significantly with increasing temperature. For solvent extraction systems employing 
high ionic concentrations in the aqueous phase, considerable ion-association between 
metal complexes and other ions will occur, whose compositions will vary depending 
on many factors. Let us consider the organic phase and the problems associated in 
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trying to understand reactions occurring between it and the aqueous phase 
components. Commercial processes involving ion-association systems employ long 
chain aliphatic primary (RNH2), secondary (RIR2NH) or tertiary (RIR2R3N) amines, 
or quaternary ammonium salts (RIR2R3R4N+. X-) as the extractant. 
All these reagents, when dissolved in a diluent, aggregate to a greater or lesser extent. 
Because of this aggregation the number of equilibria involved is a largely unknown 
factor, and especially so when we include the equilibria involved in the aqueous 
phase. Thus the number of equilibria to describe the ion-association extraction of 
metals is many times that involved in a chelate extraction system. The major 
complication in amine extraction systems is the molecular association of amine salts 
into dimers, trimers, etc.: 
R3NH+. X- (R3NH+-X-)2-'V-- -Vft- (R3NH+. X-),, (30) 
One of the more important factors affecting aggregation is the nature of the diluent 
used. Extraction of Mn+, which forms anionic complexes with an anion A- in the 
aqueous phase, by an amine salt R3N. HA can be represented as an anion exchange 
process such as: 
MA(l 171-n)- + (m - n)(R N. HA) :: ý (R N'H). A-) + (m - n)A- 33-, 
Mm 
In order to achieve this exchange the amine must first be converted to an appropriate 
salt to provide an anion to exchange with the metal species. 
R3N + HX <=-> R3 NH+. X- (32) 
When the amine in the solvent phase mixed with an aqueous acid (HX) solution 
extracts the acid, it forms an amine salt or polar on-pair, R3NH+. X- in the solvent 
phase. Thus on contacting this solvent with an aqueous solution containing an anionic 
metal species MY-, exchange can occur according to: 
4-. X- + My- (33) R3NH R3NH+. W- + X- 
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It is not necessary to have anionic exchange occur in order to extract an anionic metal 
species. Thus in the extraction of uranium, which is usually represented as the 
extraction of a uranyl sulfate anion (U02(SO4)3 4-), the neutral uranyl sulfate species 
can also be extracted. (28) 
(R3NH) 2 S04 + U02 S04 <=> (R3NH)2 U02 (S04)2 (34) 
The degree to which the extraction of an anionic or neutral uranium species is 
involved depends on the species present In the aqueous phase, which is a particular 
problem in the sulfate systems. The importance of pH becomes more pronounced than 
for nitrate or chloride systems as a result of the dibasic nature of sulfuric acid, which 
gives rise to the sul fate-bisul fate equilibria: 
H2SO4 H++ HS04- (35) 
HS04- I. - - H+ +S04 2- (36) 
Thus at high acid concentrations (low pH), bisulfate is the major anionic species 
present, and as the acid concentration is decreased, the sulfate ion will be the 
predominant species. The use of high bisulfate concentrations results in a decrease in 
uranium extraction because uranyl bisulfate is not extracted under these conditions. 
Conversely, at pH values, which produce high sulfate concentrations, the amine does 
not easily form its sulfate salt and is present as free amine. This does not extract the 
anionic uranyl sulfate complex. 
Another factor which influences metal extractions by amines is the nature of the 
carbon chain, and the number of carbon atoms, in the amine molecule. Non-nally, 
aliphatic amines are the best extractants since aromatic groups, especially when 
attached to the amine nitrogen weaken the extractive properties, probably as a result 
of the electron-withdrowing nature of the aromatic ring. In many ways the problems 
encountered with the use of amines as metal extractants are similar to those involving 
acidic extractants, namely salt effects, aggregation of the extractant in the solvent 
phase, third phase forination, solubility and so on. Salt effects generally decrease 
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metal extraction by amines in the order: 
C104-> N03- > Cl- > S04-- > F, which is the 
reverse order of the complexing ability of these anions. 
1.8 Svstems involvin2 solvation 
Another important group of extraction systems is that based on the power of oxygen- 
containing organic extractants to solvate inorganic molecules or complexes. By such 
solvation the solubility of the inorganic species in the organic phase is greatly 
increased. There are two main groups of extractants; those containing oxygen bonded 
to carbon, such as ethers (C-O-Q, esters (COOR), alcohols (C-OH), and ketones 
(C=O); and those containing oxygen bonded to phosphorus such as alkyl-phosphate 
esters (P=O). One distinguishing feature between these extractant types involves the 
role played by water. The strongly polar organophosphorus compounds compete with 
water and replace water molecules in the first hydration sphere of a metal atom. With 
ethers and ketones water is a necessary part of the complex, probably forming bridges 
between the organic and metal components of the complex through hydrogen 
bonding. 
One marked feature of extractants containing C-0 bonds is the high degree of metal 
hydration that occurs in the solvent phase. For example, in the extraction of ferric 
chloride into ether, five molecules of water were associated with the extracted metal 
complex in the solvent phase. (25) These systems are non-ideal in the organic phase, 
even at low concentrations, making a general theoretical treatment impossible. 
The most well known and most used of the organphosphorus esters is undoubtedly tn- 
n-butyl phosphate (TBP), because of its wide use in the processing of nuclear 
materials. These neutral extractants can be classified into two different types. 
1.8.1 Extractants containing phosphorus-oxygen bonds. 
Extractants in this group could be considered as the denvatives of phosphoric acid as 
indicated in Table 1.2. 
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Table 1.2: General structures of esters of organophosphorus acids. 
Structure Ester 
RO \ Tnalkyl phosphate 
RO- p=0 
RO 
R\ Dialkyl alkyl phosphonate 
RO- p=0 
RO 
R Trialkyl phosphine 
R-p=O oxide 
R ---- 
Example 
tn-n-butyl phosphate 
(TBP) 
dibutyl butylphosphonate 
(TBBP) 
tri-n-octylphosphine oxide 
(TOPO) 
While the first two members of this group are esters of the previously mentioned 
phosphoric and phosphonic acids, the last member is a derivative of phosphine. The 
extraction mechanism is primarily the same for all of them and it is the oxygen of the 
phosphoryl group responsible for the coordination bond formed with the metal. 
There is the possibility of more than one coordination bond fonnation in the esters, 
through their other oxygen atoms. In such cases inter-or intra-molecular bifunctional 
complexes are formed influencing the extraction rates for different metals as well as 
their stripping. From the above Table 1.2, the last group is the phosphine oxides, 
where TOPO is the main representative. This change influences the extractive 
properties of the extractants, since for every replacement of an OR group which is 
electron withdrawing, an electron releasing R group enhances the stability of the 
phosphoryl oxygen for coordination. 
Neutral organophosphorus extractants have the ability to extract acids. Considerable 
work has been done in attempts to understand the mechanism of extraction, but with 
little success. The fact that most metal extraction processes are carried out from acid 
solution implies the possibility of co-extraction of the acids to be considered. This 
ability of extractants to extract acids has been used in the production of pure 
phosphoric acid, by extraction of this acid from solutions produced by the dissolution 
of phosphate rock in sulfuric acid. (29-31) One of the properties of these reagents, whIch 
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have been of particular interest, is the ability to form complexes with mineral acids in 
ratios of acid to extractant of greater than unity. e. g. TBP. xHN03, where x=1,2,3, 
or 4. 
(25) 
In the extraction of metals by TBP, the general extractable complex appears to be one 
in which two molecules of TBP are associated with the metal complex. The effect of 
acid concentration on the extraction of metals by TBP is similar to that with amines. 
As the acid concentration is increased, the extraction of metal increases until a certain 
point, where the extraction begins to decrease. 
1.8.2 Extractants containinp_ carbon-oxypen bonds. 
Extractants in this class are ethers, ketones, esters and alcohols. They are all electron 
donating reagents but alcohols are amphoteric, exhibiting both donor and acceptor 
properties. Alcohols are used mainly for the extraction of phosphoric acid solutions 
resulting from the dissolution of phosphate rock. Only one ketone appears to have 
been used commercially for the extraction of metals, namely methyl isobutyl ketone 
(MIBK Fig. 1.15), and processes involving this reagent are limited to the separation of 
zirconium and haffiium, also, mobium and tantalum. (32,33) 
Fip_ure 1.15: Chemical structure of (MIBK) methyl isobutyl ketone. 
1.9 Solvent pre-treatment 
Most solvents require some pre-treatment, or pre-equIlibrium, prior to entering the 
extraction stage of the solvent extraction process. The reasons for this are: 
To remove soluble impurities, acids or bases from the solvent phase; to produce the 
required form of the extractant for the extraction of a metal; and to forrn the required 
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salt of the extractant in order to maintain the necessary equilibrium pH in the 
extraction stage. 
Commercial extractants generally contain small amounts of starting materials or by- 
products of the manufacturing process. Many of these are removed on recycling the 
solvent, especially if they are water-soluble. In bench-scale tests, where recycling is 
not possible, freshly prepared solvents are usually treated with an aqueous solution 
similar to that of the feed solution to be used, or with acidic or basic solutions. Such 
pre-treatment may accomplish one, two, or all three of the points given abo\, e. 
Acidic and chelating extractants, which are stripped with acids, can be recycled 
directly to the extraction stage. Examples are the LIX extractants (Fig. 1.16), 
organophosphoric and carboxylic acids. Thus for a monobasic extractant: 
CUS04 + 2HA <--> CuA2 + H2SO4 Extraction (37) 
CuA2 + 2HX <: Z> CUX2 + 2HA Stnpping (38) 
and for a tertiary amine: 
Extraction 
4 (39) U02 (S04 )3 
4- 
+ 2(R3NH) 2 S04 c:: > (R3NH)4UO2(SO4)3 +2SO2- 
Stnpping 
(R NH + 2H 
)4- + 2(R + 4H+ (40) 3)4 U02 (S04 )32 S04 'ý* U02 (S04 3 3NH)2SO4 
P12H25 
11 OH NOH 
Fip. ure 1.16: Chemical structure of LIX64 (2-hydroxv-5-dodec-,, Ibenzophenone 
oxime). 
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If an alkali carbonate solution is used for stripping uranium, the stripped solvent 
requires equilibration with sulfuric acid solution prior to recycling to the extraction 
stage. Other systems in which the solvent requires additional treatment after stripping 
are those, for example, in which a metal-metal or similar exchange is involved in the 
extraction stage. Thus for the system where the sodium salt of D2EHPA is used as the 
extractant for the extraction of cobalt (Fig. 1.17) (34) we have: 
2[(RO)2PO(ONa)] 
6, 
, scý 
H2SO4 
2(RO)2PO(OH) 
+ 2H20 
olslýl 
-0 
stripping 
[(RO)2POO)2CO] + Na-)S04 
Figure 1.17: System for the D2EHPA extraction of cobalt. 
which involves an additional equilibration stage to regenerate the solution salt. 
Systems such as this are particularly useful for maintaining an essentially constant pH 
in the extraction stage since sodium ions, rather than hydrogen ions are liberated, 
yielding a neutral sodium salt in the aqueous phase rather than an acid. Equilibration 
of a solvent can also be accomplished in the extraction stage, although this is not 
usually very efficient. 
1.10 Dispersion and coalescence 
In the preceding discussion we have been concerried primarily with the more chemical 
aspects of the solvent extraction process. In this section some of the physical 
phenomena involved will be discussed. The physical aspects of solvent extraction are 
primarily concerned with the dispersion of the two phases on mixing, the type of 
droplet fori-nation, and the rate and completeness of phase disengagement or 
coalescence. Both of these processes, dispersion and coalescence, are integral steps in 
the solvent extraction process, and in any type of extraction equipment used. 
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Then-nodynamically, the coalescence of the two dispersed phases in a binary system is 
expected to occur in order to reduce the surface free energy associated with the large 
interfacial area produced on dispersion. (25) The rate of coalescence, on -, ývhich the 
design of mixing and separating equipment is based, is of prime importance in solvent 
extraction operations. Thus in order to achieve practically useful coalescence of the 
two dispersed phases, the dispersion must be of a temporary nature. 
The dispersion of one liquid in another in a binary system can result in two extreme 
types of dispersion, one is temporary, which requires a minimum time for coalescence 
of the dispersed phase, and other is the fori-nation of a stable emulsion or dispersion. 
The foriner may or may not result in a rate of high mass transfer of the metal from the 
aqueous to organic phase; the latter would make a solvent extraction system 
inoperative. The rate of mass transfer across a phase boundary is a function of the 
drop size distribution or interfacial area between the phases. The drop size is governed 
by the speed and type of agitator, and the surface tension and densities of the two 
phases. Thus it might be assumed that the smaller the drop size (greater dispersion) 
the greater the rate of mass transfer. Thus agitation of the two phases affects both the 
mass transfer rates of a metal and the coalescence of the dispersed phase. High mass 
transfer rates, which are usually indicated by a high extraction coefficient, may 
warrant only relatively gentle agitation in the contactor, while the converse may be 
true of systems having low mass transfer rates. (35,36) 
Gentle agitation is generally what is obtained in a pulsed sieve plate column, thus 
such a contactor will generally require high mass transfer rates. On the other hand, a 
mixer-settler is better for systems having low mass transfer rates because of the much 
higher agitation and large settling areas it provides. 
1.10.1 Coalescence in a binary dispersed system 
The prime importance in the operation of a solvent extraction system is the rate at 
which the dispersed phases disengage, since this governs the size of the settling area 
and throughput of a plant. The main factors involved in the coalescence of the two 
phases in the solvent extraction process are as follows: 
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1.10.1.1 Drop-interface coalescence 
Phase disengagement, or phase coalescence, can be divided into two stages; a primary 
break and a secondary break. The time required for the two phases to meet at a 
sharply defined interface after mixing is ten-ned the primary break time. Both phases 
may be clear at this time, but occasionally, due to the dispersion of very small droplets 
of one phase in the other, one or both of the phases may be cloudy. The time required 
for this cloudy effect to clear is called the secondary break time. 
Generally, the primary dispersion, which gives rise to the primary break time, is 
assumed to involve a mean droplet size of greater than about 150pM, and the 
secondary dispersion to involve a mean droplet size of less than I OOpM. If the droplet 
size is much less than I OOpM coalescence will be very slow. This latter effect is the 
primary cause of loss of solvent to the aqueous phase by entrainment. Coalescence is 
considered to occur through five consecutives stages (37) (Fig. 1.18, Table 1.3). 
(i) Approach of a drop towards the interface, which causes both drop and 
interface deformation. 
(ii) Damped oscillation at the drop near the interface. 
(111) Formation of a film of the continuous phase between the drop and its bulk 
phase. 
Drainage of the film, its rupture and removal, with the initiation of the 
process of coalescence. 
(V) Transfer of the contents of the drop into bulk phase. 
It is accepted that stages (i) and (ii) are very fast, and that (iii) through (v) constitute 
the time of coalescence. Step (v) is reported to occur in 0.06 to 0.08 seconds, (38) thus 
stages (iii) and (iv) represent the rate detennining steps. 
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CD Dispersed phase 
Continuous phase 
Mixing random motion 
of drops, heavy phase dispersed 
19 
gm 
14 
Mixing stop 
........... 
........... 
........... 
........... 
Flocculation zone 
Heterogeneous zone 
Drop-drop coalescence 
Drop-interface coalescence 
Fip, ure 1.18: Some of the various stages from mixinp_ to phase disenpap_ement 
of two immiscible liquids. (39) 
The process of drop coalescence may be illustrated schematically as shown in Table 
1.3 as a function of time. 
Table 1.3: The process of drop coalescence in a binary dispersed svstem. (37) 
Drop moves towards interfac Pre-drainage 
Oscillates 
T 
Time 
Oscillations damped out 
Film forms Drainage 
Film thins 
Time 
Film rupture Film removal 
Film removal complete Time 
Drop content deposited Deposition 
Time 
Film forms Drainage 
Time 
Film thins 
Film rupture Film removal 
Film removal complete Time 
Rest 
Time 
Coalescence 
Time 
Time 
Increased 
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1.10.1.2 Dispersion, coalescence, and the solvent extraction process. 
A more important phenomenon as far as liquid-liquid extraction is concerned is 
coalescence. Much of the work on coalescence has been carried out under (more or 
less) ideal conditions. In fact, many investigators (40) take particular care in the 
preparation of solutions and design of equipment used in their studies. The fact which 
emerges from the published data on the dispersion and coalescence of a system 
involving two immiscible phases is the strong dependence of these phenomena on the 
absence or presence of mass transfer, and on the presence of surface active materials. 
All solvent extraction processes involve mass transfer, thus knowledge of the factors 
affecting dispersion and coalescence in the presence of mass transfer should be known 
if the effects are to be useful in making quantitative predictions in an actual process. 
In addition to chemical and physical properties of the aqueous phase influencing 
phase disengagement rates, we must also consider the possible influence of the 
solvent phase and its composition. Research by the Oak Ridge Laboratory has been 
reported by Moyer and McDowell on the effects of amine size and structure on phase 
disengagement in the AMEX process for uranium recovery from sulfate liquors. (41) 
The tests were conducted with 9 commercial and 4 laboratory amines in contact with 
either synthetic solutions containing silica or with typical uranium leach solutions as 
found in the mills in New Mexico. Their data indicated that there were differences in 
phase disengagement rates depending whether the system was under aqueous or 
organic continuous. The low molecular weight amines resulted in slow phase 
disengagement rates. The conclusion was that the higher molecular weight amines 
may offer advantages in aqueous continuous processing to result in faster 
disengagement, decreased emulsion and crud tendency, and decreased third phase 
formation. 
1.11 Kinetics of extraction. 
The kinetics of liquid-liquid extraction is complex, involving mass transfer with 
chemical reaction in a heterogeneous system. However, it is important to elucidate the 
kinetic behaviour of an extraction system because it influences such important 
economic parameters as time spent in the mixer, the size of plant, and volume of 
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reagent used. Being a heterogeneous process, one of the major factors covering the 
overall kinetics is the interfacial area, which depends largely on the degree of 
agitation, although other parameters such as interfacial tension are also involved. 
Metal extraction with a solvent extraction reagent involves three steps: Diffusion of 
reagents to the reaction zone; chemical reaction; and diffusion of products away from 
the reaction zone. Any one of these can be slowest step and hence rate determining. 
This suggests that two limiting cases exist, involving diffusion and chemical reaction 
control. (2) The former depends on the interfacial area and the concentration of the 
slow-diffusing species. In the latter it is important to determine the site of reaction, 
that is, within the bulk phase or at the interface, or more likely in the interphase 
region. 
For bulk phase reactions the important kinetic parameters are reactant solubility, their 
distribution coefficients, ionisation constants and phase volumes. On the other hand, 
for interfacial chemical control the interfacial area will be important, together with the 
interfacial activity of the species involved, which in turn are influenced by the 
molecular geometry of the reagent. The study of extraction kinetics has attracted 
considerable attention, especially for acid chelating extractants. Two limiting models 
have been proposed to explain the observed results. The first (42) was concerned with 
the influence of the liquid-liquid interface and diffusion processes on the extraction 
rate. The second model considered that the bulk aqueous phase was the site of the 
chemical reaction. (43) Thus, it is very important in studies of kinetics of mass transfer 
to distinguish between chemical reaction and diffusion control. This can be achieved 
by using several techniques; the stirred quiescent interface cell as originally designed 
by Lewis has undergone many modifications and provides one of the simplest devices 
to operate. But as indicated, (44) there are still many limitations, which need to be 
recognized. On the other hand a considerable number of earlier studies used single- 
drop methods. 
Studies on the kinetics of metal extraction using both Lewis-type cells and single-drop 
methods have been published. (45,46) Extraction reagents all exhibit interfacial activity 
arising from the presence of both polar groups and non-polar alkyl carbon chains. 
This activity can be explained by the lowering of the interfacial tension caused by the 
penetration of the interfacial surface by the hydrophilic groups. The extent of this 
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lowering depends on reagent type and geometry, bulk phase concentration, diluent 
and water solubility of the reagent. Values of interfacial concentration that feature in 
the kinetic equations can be obtained from interfacial tension measurements bv the 
applications of the Gibbs isotherm. Because the nature of the diluent will influence 
the interfacial properties of the extractant and extracted metal complex it follows that 
it will also affect the rate of extraction. Thus the use of an aromatic diluent will 
decrease the rate of extraction when compared with an aliphatic hydrocarbon diluent. 
The interfacial area can also be increased by the addition of surfactants that reduce the 
interfacial tension of the diluent/aqueous interface. These compounds are non-nally 
more surface active than the metal extractants and so, for extraction systems without 
chemical reaction, addition of surfactants normally reduces the rate of extraction. For 
systems with chemical reaction either an enhancement or reduction of rate is 
observed, depending on the sign of the charge developed at the interface by the 
adsorbed surfactant molecules. Thus the adsorption of a positively charged species 
will reduce the rate of cation extraction, whereas adsorption of negatively charged 
species would enhance this extraction rate. (47,48) For anion extraction the opposite 
conditions would apply. The reduction in the rate can be explained by postulating a 
mechanism of mutual charge repulsion, or a reduction in interfacial area available for 
the extractant by blocking with adsorbed surfactant molecules. The enhancement is 
achieved by electrostatic interaction between the surfactant and the transferring 
species to form a compound or ion-pair is then rapidly desorbed into the organic 
phase where it can undergo fast ligand exchange reactions to give the expected 
product in the absence of surfactant. Several examples of this type of behaviour have 
been investigated including copper extraction by hydroxyoxime extractants, (49) di-2- 
ethyl hexylphosphori c acid, (50,51 ) and carboxylic acids. (52) 
With the addition of modifiers such as iso-decanol, a variation in extraction rate can 
also occur. This was attributed to the modification of the extraction chemistry by 
hydrogen bonding between the modifier and extractant or extracted complex. This 
leads to a reduction in the rate by the formation of kinetically inactive modifier- 
extractant complexes. (5 3,54) A number of compounds have been shown to act as 
accelerators for the extraction rate. The mechanism of this acceleration process 
depends on the nature of the extractant and sornetimes upon the nature of the metal 
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ion. From the above it is obvious that the kinetics of metal extraction are complex and 
involve both diffusion and chemical reaction processes. It is now generally accepted 
that, except under the most extreme conditions, the chemical reactions are interfacial 
in nature. This poses the question of definition for a liquid-liquid interface in this 
situation. Some workers consider this to be a defined boundary with a thickness of a 
nanometre, whereas other prefers an interfacial zone of the order of a micrometer. 
Perhaps, until the picture is clear, the term interphase reaction might be more suitable, 
implying reactions in a region in which the properties are different from either of the 
bulk phases. 
Certainly the presence of adsorbed extractant molecules will modify this interphase 
region from that found in the absence of any adsorbed species, and the thickness of 
any boundary layer will vary according to the adsorbed species. However, as the 
interfacial/interphase nature of such processes is now accepted, little is to be gained 
from establishing more examples of the same. In the investigation of interfacial 
reactions more effort is required to see if these can be used as a basis for metal 
separations. Generally it is found that mass transfer rates for ionic systems, for 
example, simple acid and amine salt extractants, are faster than the chelating acids, 
Finally, can kinetic accelerators, like synergistic extractant mixtures, provide an 
additional means of developing new processes? 
1.12 Aims of the pro 6 ect. 
The main objective of this study is oriented towards the detailed study of the different 
variables, which affect the liquid-liquid extraction of Y, Ce and La as single rare earth 
elements from sulfuric acid solution. In order to obtain an efficient and economic 
separation of these elements, it has been found necessary to study the relevant factors 
affecting the extraction process to determine the optimum conditions for extraction. 
These factors include extractant concentration, equilibration time, pH value, diluent, 
temperature, solvent saturation and construction of McCabe-Thiele diagrams, in 
addition to elucidation of the extracted species. Following these initial studies, the use 
ot'liquid-liquid extraction for separation and purification of mixtures of two 
lanthanides such as Y-La xvill also be described. 
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Next, liquid-liquid solvent extraction for separation of ternary mixtures of three rare 
earth elements, such as Nd-La-Y using different acidic (e. g. D2EHPA), basic (e. g. 
TiOA and Primene JMT), and solvating extractants, (e. g. TBP and TOPO) will be 
reported. Also, use of combinations of two extractants as TiOA/TBP, TiOA/TOPO 
and TiOA/D2EHPA to enhance the separation process synergistically v"ill be 
discussed. Moreover the use of water-soluble complexing agents such as EDTA 
(ethylene diamine tetraacetic acid) to increase the separation factor and punfication 
process will be considered. Finally, the synthesis of some novel amide ligands from 
piperazine and piperidine derivatives and the testing of these ligands in extraction 
equilibrium experiments will be reported. 
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Liquid-liquid extraction of yttrium. 
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2.1 Introduction to 
_Vttrium chemistry. 
Yttria (yttnum oxide, Y20A was discovered by Johann Gadolin in 1794 in a mineral 
called gadolinite from Ytterby, which is the site of a quarry in Sweden ývhlch 
produces many unusual minerals containing erbium, terbium and ytterbium, as well as 
yttrium. Friedrich W61iler obtained the impure element in 1828 by reduction of the 
anhydrous chloride YC13 with potassium. 
2.1.1 Natural abundance. 
Yttrium is more abundant than the heavy lanthanides, resembles them in properties, 
and occurs with them in nature (Table 2.1). Values for the abundances of trace 
elements are difficult to deten-nine with much certainty, so all values in Table 2.1 
should be treated with some caution. The local concentration of any elements can vary 
from those given here by orders of magnitude. 
Yttrium is never found in nature as the free element. It is found in the two main 
minerals supplying lanthanides, monazite [(Ln)P04] and bastnaesite [(Ln)(C03)F], as 
well as other ores containing small amounts of all the rare earth metals (Table 2.2). It 
is difficult to separate from other rare earth elements. Lunar rock samples show a 
relatively high yttrium, content. Other potential sources of yttrium include a 
brannerite-type mineral derived as a uranium-mining byproduct concentrate, and the 
mineral eudialyte, a complex silicate, found in several locations, such as Russia, in 
large quantities. 
Table 2.1: Natural abundance of vttrium from different sources. 
Abundances ppb by weight ppb by atoms 
Universe 7 0.1 
Sun 10 0.1 
Meteorite (carbonaceous) 1900 430 
Crustal rocks 29000 6700 
Sea water 0.013 0.0009 
Fresh water 50 0.6 
Human no data no data 
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Table 2.2: Yttrium content as weight % of total Ln concentration in minerals. 
Bastnaesite 0.1 
Monazite 2.1 
Xenotime -60% 
Yttrium has silvery-metallic lustre, spontaneously igniting in air, and is used as a 
"phosphor" to produce the red colour in television screens. Separation of yttrium by a 
single discrete process is not possible. It needs to be recovered by liquid-liquid 
extraction processes that rely on the differential partitioning of complexes between an 
organic phase and an aqueous phase. 
2.1.2 Recent developments in 
-Yttrium extraction chemistrv. 
Several investigations have been reported in the literature to study the extractability of 
yttrium by different organic solvents. The most important solvents studied include 
di(2-ethylhexyl)phosphoric acid (D2EHPA), tributyl phosphate (TBP) and 
triisooctylamine. 
Antico et al (1) studied the distribution of yttrium between acidic aqueous solutions 
and kerosene solutions of D2EHPA. This was examined as a function of vanous 
chemical parameters at constant aqueous ionic strength 2.0 M and different ranges of 
metal concentrations. For low and medium concentrations, 1.5 x 10 -4 _ 2.6 X 10-2 M 
(13-2300 mg /L), the distribution of yttrium was examined as a function of extractant 
concentration at a fixed [H+] of LOM. The distribution data were analysed by both 
graphical and numerical methods. The results for the low metal concentration may be 
explained by the formation of the two organic metal species, YA3.2HA and YA3. HA 
(HA refers to D2EHPA). Equilibrium constants for these reactions were deten-nined 
and they are compared with corresponding constants in nitrate media and with results 
reported in the literature. 
Numencal calculations rejected the possibility of mixed extracted complexes 
containing chloride. This prediction was confin-ned by separation analysis of the 
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chloride content in the organic phase. When the metal concentration is increased, the 
system becomes more complex, which is attributed to the formation of aggregates in 
the organic phase. For the highest metal concentration a gel forms under some of the 
experimental conditions. These results are discussed in terms of polymeric metal 
complexes. 
Takahashi et al (2) studied the equilibria and kinetics for the extraction of yttnurn 
from hydrochloric acid solution by EHPNA (2-ethylhexylphosphonc acid mono-2- 
ethylhexyl ester, PC-88A) in n-heptane as the diluent. It was found that the extracted 
species in this system is YC13-HR and the equilibrium constant K,, = 3.80 x 10 3 mol 
M-3. Initial rates of extraction and stripping for the EHPNA-Y system were 
determined with a stirred transfer cell, and the rate data were correlated as a function 
of the concentration of relevant species. The concentration dependencies of both the 
initial rates satisfy the assumption that a reaction between Y 3+ and the ionic extractant 
adsorbed at the liquid-liquid interface is likely to be the rate-control ling step. 
Iglesias et al (3) have studied the solvent extraction process of yttrium from nitrate 
media by D2EHPA as a first step to accomplish the homogenous precipitation of 
yttrium oxalate from metal loaded D2EHPA solution. The analysis of liquid-liquid 
distribution data at low metal concentrations determined Y(N03)3.2HA as the only 
metal species formed during the extraction with a formation constant of log B= 16.410 
± 0.055. Polymensation of this metal-organic species was observed at high metal 
loadings of the organic phase. A comparison of these results with previous studies 
carried out in chloride or perchlorate media reveals a strong influence of the aqueous 
medium on the metal species formed in the organic phase, affecting particularly the 
stoichiometry of such species. The homogeneous precipitation of yttrium. as yttnum 
oxalate using oxalic acid was carried out as a direct recovery of the metal from the 
organic solution. 
The kinetics of precipitation and stripping was related to the formation of organic 
yttrium species. The acidity of the stripping solution and the oxalic acid concentration 
also affected the kinetics and yield of the precipitation process. The particle size 
distribution of the yttnurn oxalate powders support the aforementioned influence of 
the precipitation-stripping kinetics. 
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Konishi, Yasuhiro, et al (4) studied precipitation- stripping of yttrium leaches, which 
are a combination of the stripping and precipitation stages in a conventional solvent 
extraction process for separation and purification of rare earths. Crystalline ý-ttnum 
oxalate powders were precipitated by emulsifying yttrium-loaded carboxylate 
solutions with aqueous oxalic acid solutions at 30'C. Yttrium in the organic solution 
was completely stripped and precipitated within the first 5 minutes of mixing '. N, Ith 
aqueous solution. The particle size distributions of the oxalate powders in this study 
were markedly dependent on processing parameters, such as mixing time, liquid- 
phase stirring speed, initial organic phase concentration of yttrium. carboxylate, and 
ionic strength of the aqueous oxalate solution. However, the nature of the two solvent 
extractants, carboxylic acid and phosphoric acid systems had little effect on the size 
distribution of yttrium oxalate. 
Combes et al (5) have studied the influence of several parameters on the precipitation 
yield, the solubility of yttrium in the aqueous phase, and the nature and size 
distribution of the precipitated salt. The parameters varied were: the initial 
concentrations of nitric (0-5 mol L- 1) and oxalic (0.15-0.75 mol U 1) acids in the 
aqueous phase, the initial concentrations of Y(HL2)3 (0.075-0.10 mol L-1) and HL 
(0.8-2.2 mol L-1) in the organic phase, the nature of the organophosphorous acid 
solvent used [(RO)2PO2H or R(RO)PO2H with R =2-ethylhexyl], temperature (24- 
60'C), and the ratios of the volumes of phase (VoNa varying from 0.5 to 4). The 
nature of the precipitated salt depended on the concentrations of oxalic and nitric acid. 
At ambient temperature, the neutral salt Y2(C204)3 -I 
OH20 was precipitated as 
aggregated platelets, the median diameter of which could vary from I to 4 pm 
depending on the experimental conditions. The acidic salt YH(C204)2.3H20 was 
precipitated in concentrated acidic aqueous media as platelets with a median diameter 
which could vary from 4 to7 ýLrn. 
Wang et al (6) studied the selective extraction of yttrium from heavy lanthanides by 
liquid-liquid extraction using CA- 100 (s-nonylphenoxy acetic acid) in the presence of 
a complexing agent such as EDTA, DTPA, and HEDTA. The extraction of heavy 
lanthanides in the present of the complexing agent was suppressed when compared to 
that of Y because of the masking effect, but the selective extraction of Y was 
ciihanced. All complcxing agents formed 1: 1 complexes with rare earth elements, and 
51 
ChaDter 2 
only free rare earth ions could take part in the extraction. The condition for separation 
was obtained by exploring the effects of the complexing agent concentration, the 
extractant concentration, pH and the equilibration time on the extraction of the heavv 
rare earth elements. 
2.2 Extraction coefficient. 
The extraction coefficient, E, is a measure of how well a solvent will extract a metal. 
That is, it is a measure of the overall driving force of the solvent extraction system, 
and is therefore concentration dependent. As defined, E is the ratio of the total 
analytical concentration of element in the organic phase, to the concentration of 
element in the aqueous phase (equ. 16). Hence, it is a number with no units, and is not 
constant. The value of E depends on many factors, such as the aqueous: organic phase 
ratio A/0, extractant concentration, temperature, pH, metal complexation in the 
aqueous and organic phases, and metal concentration in the aqueous phase. 
Consider the variation of E as a function, of A/0 ratio. This is illustrated graphically 
in Fig. 2.1 for the extraction of cobalt from an acid solution (pH 6) using D2EHPA as 
the extractant. (7) In these experiments the cobalt concentration in the feed, the 
extractant concentration in the solvent, and the equilibrium pH were kept constant, 
only A/0 ratio was varied. Values of E vary from about 100 at an A/0 ratio of 1/2 to 
about 1.9 at an A/0 ratio of 10/1. Similar wide variations can result from changes in 
the other factors noted above. 
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Figure 2.1: Variation of partition of cobalt in extract and raffinate by chanp-ing 
of A/0 ratio. (8) 
The value of E, by itself, has really no meaning, simply because it is dependent on the 
variables noted above. Thus, to say that an extraction system is good because the 
extraction coefficient is high, without giving the conditions under which the result 
was obtained is meaningless. Similarly, a comparison of different systems using only 
E values is again an exercise in futility. It cannot be emphasised too strongly that 
values of E are unique to a particular system, and comparisons of different systems 
should be done only when the experimental conditions are identical for each. 
In spite of these restrictions, the extraction coefficient, or logE, is the most used 
parameter in solvent extraction studies. Together with the loading capacity of a 
solvent it is fundamental to the design of a solvent extraction process. For the 
situation where the separation of the two metals is to be made (fTom the same 
solution) a useful indication as to whether this can be achieved is given by the so- 
called separation factor. This was defined in terms of the extraction coefficients for 
each of the two metals in similar systems, by: 
SF = EA/EB (28) 
where EA and EB refer to the E value for metals A and B respectively. Separation 
factors of greater than one indicate that the two metals can be separated, but this givcs 
no indication of the ease of separation or the number of stages, which may be 
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required. For example, the separation factor for the extraction of cobalt from an 
aqueous phase contains both cobalt and nickel at pH 5-6, using D2EHPA as the 
extractant, is about 1.6. Generally, the higher the separation factors, the less the 
number of stages required to achieve a given metal ratio in the loaded solvent. 
2.3 Extractant concentration, 
For a given metal ion concentration in the aqueous phase the extraction coefficient 
will increase with an increase in extractant concentration, if all other factors are 
constant. As the extractant concentration is increased, the distribution curve for a 
metal, as a function of pH, will shift towards lower pH values as predicted by 
Equation (29). 
pH =n logE- 
n 
log K. - log[HA (29) 
Thus for a fixed metal ion concentration, pH, and phase ratio, the amount of metal 
extracted will increase with an increase in extractant concentration. Plots of extractant 
concentration versus E generally show a linear relationship provided that the 
concentration of metal is not too high. The slope of the line is equal to the number of 
extractant molecules, n, associated with the metal atom in the extracted species. This 
number may or may not an integer. That the slope of extractant concentration versus 
E gives the values of n is shown by the following: 
M ? I+ + nHA,:: ý M. nA + nH+ (30) 
M'n'4 
IH +1 
(31) KE -[ IM 
+ fH-A I 
at constant pH 
E (32) 
rH-A I 
and E= KE 
[H-A-t' (33) 
taking loganthms 
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logE = nlog 
rH-A] 
+ constant (34) 
which is the equation of a straight line of slope n. 
2.4 Extraction experiments. 
Generally a known volume of tri-isooctyl amine (TiOA) was diluted with carbon 
tetrachloride and mixed with an equal volume of the sulfate liquor shaken for a 
specific time using a mechanical shaker. After the equilibrium was reached, the 
contents were transferred to a separation funnel where the solutions were left for 30 
seconds, the time necessary to separate the layers. The concentration of the element of 
interest remaining in the aqueous phase was determined by three different methods: 
UVNIS using the Arsenazo III indicator, (9) Inductively Coupled Plasma Atomic 
Emission Spectroscopy (ICPAES), and Atomic Absorption Spectroscopy (AAS). 
Quoted data represent the averaged results from these three different measurements. 
Errors in the measured concentrations can be estimated as ± 0.7 ppm from UVNIS 
detenninations, ± 0.1 ppm from ICP and ± 0.5 ppm from AA. Each measurement was 
perfon-ned in triplicate to check for reproducibility, the amount of metal extracted into 
the organic phase being deten-nined from the mass balance. 
2.5 Instrumentation. 
All samples were weighed using an analytical balance having a maximum sensitivity 
of I 0-'g; the hydrogen ion concentration of the different solutions was measured 
accurately using a JENWAY 3 50 digital pl-l-meter, within an error of ± 0.0 1; for the 
equilibration experiments, a good mixing for the two phases was achieved using a 
VIBRAMAX I OO/ROTAMAX 120 mechanical shaker; complete phase separation of 
the two phases was attained by using separation funnel; yttnum, cerium and 
lanthanum concentrations were determined spectrophotometrically using double beam 
UV-Visible spectrometry using a PERKIN- ELMER UVNIS/NIR Lambda 900 
spectrometer, in all measurements, two matched 5cm 3 quartz cells with a path length 
of I cm were used for sample and blank measurements. All measurements were 
carried out at laboratory temperature; Inductivity Coupled Plasma Atomic Emission 
Spectroscopy (ICP-AES) analysis was performed on a Thermo Jarrell Ash IRIS ICP- 
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EAS spectrometer; and Atomic Absorption Spectroscopy (AAS) analysis was 
performed on PERKfN-ELMER AAnalyst 100. 
2.6 S pectro photometric determination of -vttrium using 
Arsenazo Ul. 
This is a very useful spectrophotometric reagent. (1 0) Arsenazo III (Fig. 2.2) is a bisazo 
dye based on chromotropic acid and o-aminophenyl arsenic acid. It is moderately 
soluble in neutral and acid solutions, and readily soluble in slightly alkaline solutions. 
The reagent is stable in the solid state and in aqueous solution although strong 
oxidizing (1-1202, C12 and Br2) or reducing (TiC13) agents cause decomposition. The 
use of Arsenazo III in strongly acidic media overcomes difficulties connected with the 
hydrolysis of some multivalent metals (e. g. Zr, Th, and U). In the deten-nination of 
these metals, the high acidity enhances the selectivity of the reagent. Interference 
from sulfate and phosphate is considerably reduced in strongly acid solution. 
As03H2 OH um 
N N- N= 
H03S 
Z 
S03H 
Figure 2.2: Chemical structure of Arsenazo III 
As03H2 
=N 
z 
In weakly acidic media the lanthanides and yttrium react with Arsenazo LLI to fon-n 
coloured complexes which are the basis of this sensitive method. The reagent is 
violet, whereas its complexes with the rare-earth elements are green. 
Reagents. 
Arsenazo LH: 0.05% aqueous solution. 
Standard yttrium solution: I mg/ml: dissolve 0.1270g of yttrium oxide in 5ml of hot 
HCI (1: 1). Dilute the solution to volume with water in aI 00-ml standard flask. 
- Formate buffer: pH 3.5, dissolves 60ml of formic acid and 28g of NaOH in water, 
and dilutes the solution with water to I litre. 
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Procedure. 
-A Iml sample from the analyte solution was taken in 25ml volumetric flask. 
I ml of I% ascorbic acid solution was added, and the solution left to stand for 
few minutes. 
I ml of the fonnate buffer was added. 
2ml of the Arsenazo ELI solution was added, and the resultant solution was 
diluted to approximately 20ml volume. 
- The coloured solution was adjusted to pH 2.6(± 0.1) with OAM NaOH and 
dilute H2SO4. 
- The solution was transferred to a 25ml standard flask, make up to the mark 
with water. 
- The absorbance was measured at 650nm against a reagent blank solution. 
Calibration curves for different Y(LLI)-Arsenazo LLI complexes were obtained 
at different concentrations of yttrium. 
2.7 Error calculation. 
The two principal types of the experimental errors, errors on stock solution, and errors 
on the three different techniques used in the determination of concentration of rare 
earth elements. The best way for reduction of experimental error is to repeat the 
measurement a number of times. Making several (three) repetitions of measurement 
will reduce "random errors" to improve accuracy. Also, repeating the measurement 
with three different techniques can minimize "systematic errors". 
2.7.1 Error on stock solution. 
Error on of [Y] on four-figure balance =±0.0001 
Error on volume of solvent =±0.02 cm 3 
Then error of stock [y] ý 
0.0001 
+ 
0.02 x 0.005222 z±0.000004 Mol. dm -3 
0.2 100 
So stock [Y] = 0.005222± 0.000004 Mol. dm -3 
2.7.2 ICP error on measurement =±0.1 ppm. 
[Y] in organic = [Y] in stock - [Y]in aqueous 
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Error on [Y] in organic = V(0.000004)' + (10-')' = 0.000004 
Then error on % extraction = 
0.000004 
+ 
0.000004 
X %E 
[Y]organic [Ylstock 
Error on %E=0.000004 + 
0.000004 
x 90 0.152 
0.0045 0.00522 
Error on distribution coefficient (D) 
0.000004 
, 
0.000004 
x 10=±0.0166 
0.0045 0.00522 
2.7.3 AA error on measurement =±0.5 ppm. 
Error on [Y] in organic = V(0.000004)' + (5 x 10-') 2=0.000004 
Error on %E=0.000004 + 
0.000004 
x 90=±0.152% 
0.0045 0.00522 
Error on distribution coefficient (D) 
0.000004 0.000004 
= -+- x 10 =±0.0166 0.0045 0.00522 
2.7.4 UVNIS error on measurement =±0.7 ppm 
Error on [Y] in organic = 
V(0.000004)' + (7 X 10-7 )2 = 0.000004 
Error on %E=0.000004 + 
0.000004 
x 90=±0.152% 
0.0045 0.00522 
Error on distribution coefficient (D) 
0.000004 0.000004 
= -+- x 10 =±0.0166 0.0045 0.00522 
These are the three major errors in measurement of yttrium by taking the average; the 
error on the distribution coefficient is estimated ± 0.02 and percent extraction 
± 0.15 %. Data in Tables are averaged values from data measured by all three 
techniques from the same sample. 
Error on D= Vu(Djcp )2 + or(D,,., )2 + or(Du, I vi, 
)2 =±0.035 
Error on %E= 
Vu(D 
JCP 
)2+ a(D,, L4 
)2 + a(Dý-,, Ivi., 
)2 =±0.26% 
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2.8 Effect of different concentrations of triisooctvlamine MOA) 
in carbon tetrachloride on the distribution coefficient of yttrium. 
Firstly the solvent must be equilibrated by contacting it with 0.5M sulfuric acid for 5 
minutes. To 5 ml of the sulfate liquor (yttrium sulfate), 5 ml of a solution of TiOA in 
CC14 was added with concentration ranging from 0.0 1 to 0.1 M, and then the solution 
was shaken for 10 minutes at room temperature to attain equilibrium state. The 
optimum value of a 0.08M solution of TiOA in CC14 was chosen from the data 
reported in Table 2.3 and presented in Fig. 2.3. The decrease on the distribution 
coefficient above 0.08M probably due to the increase in the viscosity of extractant 
(TiOA) that causes a decrease in the mass transfer of yttrium from aqueous to organic 
phase. 
Table 2.3: Effect of different concentrations of solvent/carbon tetrachloride on 
the distribution coefficient of _Vttrium. 
[TiOA]/M % Extraction Distribution 
Coefficient 
0.01 89.78 8.76 
0.04 89.84 8.84 
0.06 90-13 9.13 
0.08 90.50 9.54 
0.10 89.29 8.33 
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Fi2ure 2.3: The effect of different concentrations of TiOA on the distribution 
coefficient of -vttrium. 
2.9 Effect of contact time on the distribution coefficient of vttrium. 
The effect of contact time on the attainment of an equilibrium state was studied at 
intervals between 1-30 minutes, while the other factors were kept as mentioned 
before. The results obtained are given in Table 2.4 and shown in Fig. 2.4. It is obvious 
that contact time of 5 minutes is quite adequate for efficient yttnum extraction. The 
distribution coefficient was increased from 1-5 minutes and after that slightly 
decreased, probably due to the entrainment of some organic phase droplets into 
aqueous phase, which causes a slight decrease in the extractive power of extractant. 
Table 2.4: Effect of contact time on the distribution coefficient of yttrium from 
0.08M solvent/carbon tetrachloride. 
Time/minutes % Extraction Distribution 
Coefficient 
1 85.00 5.67 
5 90.54 9.53 
10 89.67 8.64 
20 
30 
89.67 
89.65 
8.64 
8.62 
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4 r% f%f', 
Fip-ure 2.4: The effect of shakinp, time on the distribution coefficient of yttrium. 
2.10 Effect of PH. 
All extractants of the chelating or acidic types used in solvent extraction processes 
liberate hydrogen ions on the extraction of a metal: 
m n+ + nHA <z> AL4n+ nH+ (35) 
The greater the amount of metal extracted (that is, the higher the solvent loading) the 
more hydrogen ions are produced. These result in a decrease In pH of the system and 
consequently a decrease in the amount of metal extracted. From Equation (35) it 
follows that the higher the equilibrium pH of the system, the lower will be the 
extractant concentration needed to achieve a given percent metal extraction, and vice 
versa. At constant concentration, E will increase as the pH is raised, unless other 
factors such as metal complexation or hydrolysis occur in the aqueous phase. For 
example, at a phase ratio of 1, increasing the pH by one unit will increase E by an 
order of magnitude for n=1. For n=2 an increase of 10 orders of magnitude is 
predicted and so on. This is shown in Fig. 2.5. For metal ions having values of n from 
I to 4, the curves each have a linear portion, the slope of each being equal to the 
number of hydrogen ions released in the formation of the extractable species. 
61 
Chapter 2 
7 
6 
5 
w4 
23 
2 
1 
0 
Fip_ure 2.5: Effect of equilibrium pH on the extraction coefficient. (8) 
It should be pointed out that the number of hydrogen ions and molecules of extractant 
involved in the fon-nation of extractable species depends on the type of extractant. All 
extractants of the chelating or acidic type available are monobasic in nature, and thus 
release one hydrogen ion for every molecule, which combines with a metal. The 
number of molecules of extractant involved in the formation of an extracted species 
depends on the oxidation state or coordination number of the metal ion, and the 
number of places at which bonding can occur to the extractant. For example 
D2EHPA, is a monobasic extractant and forms complexes with metal atoms shown in 
Scheme 2.1: 
0 
Co 21 + 2(R0)2 P 
OH 
(RO)2 P 
0 
1 
Co 
I 
0 
(RO)2 P 
N 
0 
2H 
2ý 
Scheme 2.1: D2EHPA, monobasic extractant and complexes with Co . 
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These complexes depend on the oxidation state of the metal ion. Thus for C02+, t wo 
molecules of D2EHPA are involved; for Fe 3+, three molecules are involved; for Th'- 
four molecules are involved, all producing neutral species. (8) The pH of the system 
affects both the metal ion and the extractant. Thus if the pH is increased, the metal 
complex will not extract. 
A decrease in pH (increase in hydrogen ion concentration) may result in the formation 
of non-extractable metal species as a result of complexation with components of the 
aqueous phase. This occurs, for example, in systems, which involve sulfuric acid due 
to the equilibrium between S04 2- , 
HS04-, and H2SO4, resulting in the fori-nation of 
metal complexes with these anions. All extractants undergo protonation as the pH of 
the system decreases. 
A- 
- 
H+ HA 
H+ 
H2A+ 
-H+ -H+ 
(36) 
If the extractant is unable to ionise as a result of the concentration of hydrogen ion, it 
may not be able to forrn a complex with a metal ion, and hence extraction will not 
occur. The general effect of pH is illustrated in Fig. 2.6 for the extraction of a metal. 
0.9 - 
0.8 - 
0.7 - 
0.6 - 
0.5 - 
0.4 - 
0.3 - 
0.2 - 
0.1 - 
0-IIT ---------- 
0 0.2 0.4 0 .60.8 1 
1.2 
pH 
Fiaure 2.6: General effect of pH on metal extraction. (8) 
At low pH values, extraction decreases as a result of protonation of the extractant, and 
at high pH values, extraction metal complex decreases. This generalisation does not 
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hold for ion-association or solvating extractants because these are not primarily 
dependent on pH for metal complex formation, but rather on factors such as anion 
concentration in the aqueous phase. It should be apparent that pH is of prime 
importance in many solvent extraction systems, and also affects other variables 
significantly. 
2.11 Effect of DH on the distribution coefficient of vttrium. 
The distribution coefficient has been studied by varying the pH values of the sulfate 
liquor from 0.5 to 2.7, using either sulfuric acid or sodium hydroxide. Other factors 
were fixed at 1: 1 (v/v) organic to aqueous phase ratio, 0.08M TiOA in carbon 
tetrachloride, contact time 5 minutes and the experiments were carried out at room 
temperature. The results obtained are given in Table 2.5 and shown in Fig. 2.7. It is 
clear that the pH 0.97 of the sulfate liquor can be taken as an optimum pH value. 
Fortunately, that is the same pH of the parent sulfate liquor under examination. 
However, by increasing pH above 1.1 there is a decrease in the distribution 
coefficient, which may result from the formation of non-extractable metal species as a 
result of complexation with components of aqueous phase. This occurs, in sulfate 
media due to equilibria between S04 2-, HS04-, and H2SO4 resulting in the fonnation 
of yttrium complexes with these species. (8) 
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Table 2.5: Variation of yttrium distribution coefficient -, vith the pH of the sulfate 
solution. 
pH % Extraction Distribution 
Coefficient 
0.50 90.03 9.03 
0.97 90.50 9.53 
1.10 89.50 8.52 
1.20 89.25 8.30 
1.80 88.75 7.89 
2.70 88.25 7.50 
10.00 
9.50 
9.00 
8.50 
8.00 
7.50 
7.00 4- 
0.00 0.50 1.00 1.50 
pH 
2.00 2.50 3.00 
Figure 2.7: The effect of pH on the distribution coefficient of yttrium. 
2.12 Effect of temperature on the distribution coefficient of yttrium. 
For studying the effect of temperature on distribution coefficient and extraction 
percent, experiments were carried out in oil bath using an electric thermostat, the 
temperature of which was regulated from 25-50'C. The following factors were kept 
constant at 1: 1 (v/v) organic to aqueous phase ratio, pH 0.97, and a contact time of 5 
minutes and 0.08M TiOA in carbon tetrachloride. From the results in Table 2.6 and 
Fig. 2.8 it is clear that room temperature can be considered as the best temperature for 
the extraction process. It is obvious from the data obtained, that distribution 
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coefficient decreases with increasing temperature. This means that the extraction of 
yttrium is exothermic. This behaviour is similar to that reported by previous 
investigators. (11,12) 
Table 2.6: Distribution coefficient of yttrium at different temperatures. 
Temperature, 
0C 
% Extraction Distribution 
Coefficient 
25 90.50 9.53 
30 89.75 8.76 
35 89.25 8.50 
40 89.00 8.20 
46 88.75 7.88 
50 88.50 7.69 
10.00-- 
a 9.50 - 
9.00- 
0 
8.50 - 
0 
8.00 - 
T) 7.50 - a 
7.00 4- 
20 25 30 35 40 
Temperature C 
45 50 55 
Figure 2.8: Effect of temperature on the distribution coefficient of yttrium. 
2.13 Effect of aqueous phase composition on the extraction of metals. 
The type and concentration of any anionic species present in the aqueous phase 
affects the extraction of metals. It can generally be expected that when a metal 
complex in the aqueous phase has stability greater than that of the metal -extractant 
complex, it will not be extracted. For example, hydrolysed and ion-association metal 
66 
ChaDter 2 
species can drastically affect the extraction of a metal by some extractants. The 
extraction of cobalt and nickel by D2EHPA from ammonia solution is shown to be 
affected by the concentration of sulfate ion in the aqueous phase. The fon-nation of 
ion-association complexes, such as [Co(NH3)6-SO41+, inhibits metal extraction 
because the stability of such complexes is greater than those of the extractable species 
[Co(NH3)6]3+. (13) Also, in the extraction of uranium from acidic sulfate solution by 
tn-n-octylamine, uranium extraction decreases with increasing concentration of other 
anions, and the effect varies with the anion. (14) On the other hand, the extraction of 
metals by neutral extractants can be enhanced by increasing the salt concentration, 
probably reflecting a salting-out effecting by which the dissociation of the extractable 
neutral species is depressed. 
Complexation of a metal in the aqueous phase can be used to advantage in the 
separation of metals. In a process for the separation of zirconium and haffiium, neutral 
metal thiocyanate complexes are formed by the addition of ammonium thiocyanate, 
which allows the extraction of hafnium from zirconium by methyl isobutyl ketone. 
The extraction of metals by amines (anionic exchange) generally requires the 
formation of anionic metal species in the aqueous phase, which is achieved by the use 
of high salt or acid concentration. 
2.14 Distribution coefficients of yttrium as a function of aqueous H2SO4 
concentration. 
Fig. 2.9 shows the effect of different concentrations of H2SO4on the distribution 
coefficients of yttrium in the two phases. The distribution coefficient of yttrium 
increases as the concentration of H2SO4increases from 0.1-0.5M, but then decreases 
as the acid concentration is increased further. The reason for the initial increase in 
distribution coefficient may be caused by the salting-out effect of sulfuric acid. With 
further increase in H2SO4concentration, the concentration of free extractant decreases 
probably as a result of sulfuric acid co-extraction. However, the best concentration of 
H2SO4 to use for yttrium highest distribution coefficient is clearly 0.5M. Other factors 
in this experiment were fixed at 1: 1 v., v organic to aqueous phase ratio, 0.08M TiOA 
in carbon tetrachloride, mixing time 5 minutes and the experiments were carried out at 
room tcmperature. The results obtained are given in Table 2.7. 
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Table 2.7: Variation of -vttrium 
distribution coefficient with the concentration of 
sulfuric acid solution. 
IH2SO41/M % Extraction Distribution 
Coefficient 
0.1 89.13 8.19 
0.25 89.58 8.59 
0.5 90.50 9.35 
0.75 89.18 8.24 
1.0 88.80 7.93 
9.60 
9.40 
9.2 0 
jE 9.00 
8.80 
8.60 
8.40 
8.20 
a 8.00 
7.80 4-- 
0.00 
[Sulfuric acid]/M 
Fiv, ure 2.9: The effect of sulfuric acid concentration on the distribution 
coefficient of vttrium. 
2.15 McCabe-Thiele Diap-ram. 
Predicting the number of counter-current stages required for a metal extraction system 
can be accomplished by the use of a McCabe-Thiele diagram, an example of which is 
shown in Fig. 2.10. In constructing this diagram, the extraction isotherm is first 
drawn. A vertical line is then drawn from the concentration of metal in the feed 
solution at the x-axis. The operating line (a graphical representation of the mass 
balance of the system) is next inserted, the slope of which is equal to the phase ratio 
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(A/0) to be used. This line may be considered as representing the fact that in any 
extraction stage, the increase in metal concentration in the organic phase is equal to 
the decrease in metal concentration in the aqueous phase multiplied by the phase ratio. 
It may or may not pass through the origin, depending on how low a metal 
concentration in the raffinate is desired, or on the shape of the extraction isotherm. 
Finally, lines representing the theoretical extraction stages are drawn. Starting from 
the intersection of the operating line and the vertical line representing the metal 
concentration in the feed solution, a horizontal line is drawn to intersect the extraction 
isotherm. At this point, a vertical line is dropped to intersect the operating line. These 
lines then represent the conditions in the first extraction stage, namely the metal 
concentration in the feed, in the solvent, and in the raffinate. 
3 
2.5 
0 
2 
stagge 1.5 - 
r_ I 
staýe2 
0.5 ovc 
stage3 01 
0.2 0.4 0.6 
Metal concentration in aqueous phase 
Figure 2.10: McCabe-Thiele diagram for the extraction of a metal. 
0.8 
2.15.1 EQuilibrium line and construction of McCabe-Thiele diap_ram for yttrium 
extraction. 
20 ml of each of the organic phase (0.08M TiOA in carbon tetrachloride) and aqueous 
phase were contacted for 5 minutes until equilibrium was obtained. The phases were 
allowed to separate and the aqueous phase was removed and analysed. A measured 
portion of the organic phase was also taken for analysis. Fresh aqueous solution was 
then added to the organic phase to give the same phase ratio as that originally used. 
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The phases are again contacted until equilibrium was obtained, and the procedure 
repeated. This process was carried out until saturation of the solvent with yttrium was 
obtained. Care must be taken to keep the same pH value of 0.97 throughout the series 
of shake-outs. The data were used to obtain the equilibrium curve by plotting the 
yttriurn concentration in the organic phase against its concentration in the aqueous 
phase. The next step is the construction of McCabe-Thiele diagram. From Fig. 2.11 
we can see yttrium, extraction under these conditions needs only two extraction stages 
for nearly complete recovery. 
1.2- 
M L. 1- 0 
C :z 0.8 - -------------------- 
.2 -W E" Stage I 0.6 - 
C w 
C 
2 0, 0.4- 
---------- 0 tage 2 U 
0.2 - 
0 
0 0.1 0.2 0.3 0.4 0.5 0.6 
Yttrium concentration in aqueous phase, g1l 
Figure 2.11: McCabe-Thiele dial4ram for yttrium extraction. 
2.16 Diluents. 
In solvent extraction, the term diluent refers to the organic liquid in which the 
extractant is dissolved to form the solvent. In the majority of cases, the d1luent 
comprises the major portion of a solvent. Although there have been numerous studies 
undertaken on the evaluation of the most suitable extractant for a particular process, 
comparatively little attention has been directed towards optimising the solvent 
extraction process with respect to the diluent. (8) Proper selection of the diluent can be 
almost as important as selecting the extractant because of the physical and chemical 
effects that the diluent can exhibit, and also on the economics of a process. 
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Diluents were considered to have no effect on metal extraction characteristics, and 
were therefore "inert" to the process. But with the development of commercial copper 
solvent extraction plants came a new diluent, Napoleum 470, manufactured by Kerr 
McGee. This diluent, an essentially aliphatic hydrocarbon with a high, narroýv boiling 
range was put to use in both copper and uranium plants. Since then, there have been 
more critical evaluations of diluents as related to performance and economics. Also, 
more diluents, both aliphatic and aromatic materials, are available for use in the 
solvent extraction process. Investigators have found that not only are diluents not 
44inert" in the solvent extraction process, as previously thought, but that they can play 
a substantial role in determining the success of an operation. 
The general requirements of a diluent are, in no particular order of preference: 
Mutual solubility with an extractant; high solvency for an extracted metal species, 
thus minimising both the problem of third phase forniation and low loading capacity 
of a solvent; a low surface tension; it must be insoluble in the aqueous phase; low cost 
and ready availability; and low volatility and a high flash point, thus decreasing losses 
due to volatility as well as fire hazards. 
The reasons for using a diluent in the make-up of solvent are: to decrease the 
viscosity of the extractant, as most of the extractants used in commercial solvent 
extraction process are viscous liquids; and to provide a suitable concentration of 
extractant. There is no point in using a high concentration of extractant if only a small 
portion is actually used for metal extraction. The unused portion is then recycled 
around the circuit for no reason. The diluent can also decrease any emulsion-fon-ning 
tendencies of the extractant. Many of the extractants used in solvent extraction 
systems are surface-active and tend to emulsify in high concentrations, especially 
with high agitation; and to improve the dispersion and coalescence properties of the 
solvent. Much of the work done on the chemical role of diluents in solvent extraction 
has been directed towards the TBP-kerosene and amine- kerosene systems used in 
the nuclear (15) and uranium industries. (16,17) 
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2.16.1 PrODerties. 
Most of the diluents used today are fractions of crude oil, which may be produced in 
large quantities for reasons other than for use in solvent extraction processes and 
consequently are readily available in bulk and relatively cheap. As a result, the oil 
companies are the major suppliers of diluents. 
2.16.1.1 SDecific eravi 
In general, aromatic hydrocarbons have specific gravities higher than the allphatics, 
which could inhibit the dispersion and coalescence of solvents containing them. For 
example, at high metal loading of the solvent, the difference in specific gravity of the 
loaded solvent and aqueous phase could be small, which might present problems in 
separating the two phases. Hence, aliphatic diluents are more often preferred to 
aromatic ones for solvent extraction. The density of solvent will usually increase as 
the concentration of extractant is increased, thus the density of the diluent can have a 
considerable effect on the rate of phase separation, especially at higher extractant 
concentrations and high metal loading. 
2.16.1.2 Viscosi 
As the metal loading of a solvent increases, its viscosity is seen to increase markedly. 
For this reason, it becomes necessary to operate the solvent extraction system at 
elevated temperatures, both to reduce viscosity effects and to increase the rate of 
separation of the phases. It is advisable to use a diluent having a low density and 
surface tension. 
2.16.1.3 Flash Doint. 
In considering the diluents, which may be applicable to a particular process, the 
solubility in the aqueous solution and the flash point are important. Early work on the 
solvent extraction of uranium using long chain tertiary amines (18) used Esso JP-4 or 
BAT-2 as diluent. These have a very low flash-point (- 32 OF) and presented a 
potential fire hazard. Today, diluents having much higher flash points are used. 
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2.16.1.4 Polarity. 
In the extraction of rare earths with Aliquat336, (19) there was noted a decrease in the 
extraction of the metals with an increase in the polarity of the diluent. Also, the 
separation factor for La and Pr was decreased as the polarity increased. Similar effects 
are shown in the extraction of americium with a mixture of I -phenyl-3-methyl-4- 
benzoyl-5-pyrazolone and TBP from nitrate solution. (20) The extraction constants 
decrease with increasing polarity of the diluent. The effects of variation of diluent on 
the extraction of molecules or anions such as ZnC14 
2- 
or FeC14- 
(21,22) 
with tertiary 
amines gave similar results, showing the following trend in extractability: 
Cyclohexane z o-xylene > toluene > benzene >>chlorobenzene. 
One conclusion which may be drawn is that the diluent affects the solvation of the 
extractant and hence its extractive properties. Interaction of the diluent with the 
extractant can thus result in lower extraction coefficients for metal ions. Thus the 
formation of an extract ant-di I uent species in the organic phase produces a lower 
concentration of the "free extractant", with a consequent decrease in the extraction 
coefficient. (23) Although most of the normal diluents that would be considered for use 
in solvent extraction processing are keroseneý--type materials, with a dielectric 
constant in the range 2-3, there is always the possibility of using a diluent with a 
higher dielectric constant. 
Table 2.8: Effect of diluent on the distribution coefficient of uranium by 
alkylphosphoric acids. (8) 
Diluent Dielectric constant Distribution coefficient, 
D, D2EHPA 
Kerosene 2.0 135 
Carbon tetrachloride 2.2 17 
Benzene 2.3 13 
Chloroform 5.1 8 
Experimental conditions: aqueous phase; 0.5M S04'-, pH 1.0,0.004M U (T7): 
organic phase; 0. IM D2EHPA in various diluents: aqueouslorganic phase ratio = 
1: 1, temperature = 25 'C. 
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Table 2.8 shows a comparison of the distribution coefficient, D, with various diluents 
in an alkyl phosphoric acid extraction of uranium. Kerosene was the best of those 
tested; that is, the diluent with the lowest dielectric constant resulted in the highest 
distribution coefficient. (24) 
2.16.1.5 Solubility parameter. 
A measure of the solubility of a given solvent in the petroleum products used by oil 
companies is the solubility parameter 6. (25) The effect of 6 on the extraction of metals 
by various extractants has been reported (26) and the following conclusions were noted. 
First, for LIX and Kelex extractants, the effect of increasing the solubility parameter 
is to decrease the extraction of copper. Second, there is some correlation between 6 
and the aromatic content of the diluent, ion association in the organic phase, and the 
solvation of the extractant by the diluent. 
2.16.1.6 Heavy diluents. 
Sporadic interest has been shown over the years in the use of heavy diluents (s. g. >1) 
in solvent extraction systems. The few data that are available indicate certain 
advantages in the use of such diluents over the regular light diluents. 
Tetrachloroethene appears to be the liquid of choice. Recently reported studies (27,28) 
comparing tetrachloroethene with regular diluents in the system Cu-Fe-LIX 64N 
indicated that the use of this liquid provided somewhat better kinetics of copper 
extraction, faster phase disengagement, better discrimination for copper over iron, and 
improved stripping efficiency. The disadvantages in the use of tetrachloroethene are 
its relatively high cost, its high evaporation rate and high volatility. There appears to 
be no movement towards the use of heavy diluents in commercial operations. 
2.16.1.7 Effects of diluent composition. 
The effects of diluents on the form in which the extractant exists in the organic phase 
have received particular attention, especially in the case of organophosphate (29,30) and 
amine extractants. (31,32) It is observed that extractants are often polymensed or self- 
associated in non-polar reagents. In the case of organophosphate extractants, 
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monobasic acids are polymensed to a large degree, depending on the polarity of the 
diluent. It is also interesting to note that water associated with the organophosphate 
species, using benzene as diluent, increases linearly as the sodium salt of D2EHPA 
increase in the organic phase. Such observations suggest the existence of dimer 
hydrates, (33) as shown in Fig. 2.12. 
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Figure 2.12: Proposed structures of dimer hydrates formed by org . anophosphates 
in benzene diluent. 
Formation of hydrated D2EHPA species in the organic phase is evident from the fact 
that, in the preparation of the sodium or ammonium salts of D2EHPA in a kerosene 
diluent, the addition of a stoichiometric amount of 50 wt% sodium hydroxide or 28- 
wt% ammonium hydroxide results in a single phase. That is, the water associated with 
the alkali salt solution is soluble in the solvent mixture. An equation can be written to 
represent this, which provides the same dimer hydrate: 
2(RO)2PO. OH+ 2NH40H f(RO)2PO. ONH4. H2012 (37) 
The presence of polymeric forms of an extractant in a solvent will affect the 
distribution of the solvent between the aqueous and organic phases, and this 
distribution can affect the equilibrium distribution of a metal between the two phases. 
This situation is shown schematically (34) for the case of an alkyl phosphate (HA) in a 
diluent distributed between an aqueous and organic phases in Fig. 2.13. 
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Organic HX. H20 HX. H20)2 
Phase 1ý I 
HX (H X) (H X), 
Aqueous 
HX (HX)2 
Phase 
I 
H+ + X- 
Figure 2.13: Some equilibria involved in polymerisation of an extractant 
in the orp_anic phase. 
As a result of the work done on alkyl amines, several general conclusions can be 
drawn with respect to their self-association or aggregation in organic diluents. Thus 
the nature of a diluent, together with its solvating power, are the two major factors 
which appear to affect the degree to which an arnine is aggregated. These factors 
depend also on the concentration of the extractant in the diluent, and on the alkyl 
chain of the extractant. Increasing the chain length to a certain point increases the 
extent of amme self-association, after which the self-association decreases. Finally, 
the effect of increasing the temperature of the solvent is to decrease the degree of 
self-association. 
Aggregation of amines in diluents is not simply related to one physical property of a 
diluent, such as dielectric constant. It has been found that aromatic and aliphatic 
hydrocarbons, having equally low dielectric constants and zero dipole moment, have 
markedly different effects upon aggregation. In polar diluents with high dielectric 
constants, aggregation seems to be insignificant, but it has been shown that some 
reagents, for example alcohols, form specific solvates with amine salts in the organic 
phase. (35) The aggregation of an extractant in the solvent phase affects the loading 
capacity of a solvent. For an extractant, which is polymensed, this can be expressed 
as: 
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m n+ + n(HA)n --3ý- 
M(A. HA)n + nH+ (38) 
and for the case where the monomer is the predominant species: 
Mn+ + nHA I MAn + nH+ (39) 
Intermolecular hydrogen bonding can also give rise to self-association of extractants 
with acid functional iti es. For carboxylic acids, self-association has been shown to 
decrease with increase in length of the alkyl chain. (36) It is found generally for acidic 
extractants that the extraction of MAn is lower than for M(A. HA),. (37) Equations (38) 
and (39) represent two distinct extraction processes. 
2.16.2 Effect of different diluents on the distribution coefficient of yttrium. 
The distribution coefficient of yttriurn has been studied using different organic 
diluents namely carbon tetrachloride, benzene, toluene, o-xylene, kerosene, and 
chloroform. The other studied factors were fixed at the values at which maximum 
distribution coefficient occurred i. e. 1: 1 (v/v) organic to aqueous phase ratio, room 
temperature, 0.08M tri-isooctylamine in all diluents, contact time 5 minutes. Results 
are presented in Table 2.9. It is obvious that although benzene and toluene have 
dielectric constants of the same order of magnitude as thatOf CC14, both are less 
efficient at extracting yttrium. This is probably due to the lower solubility of the 
extracted species in these diluents as compared with CC14. This is probably a function 
of the different intermolecular diluent: diluent, and solvent: diluent, interactions that 
occur in aromatic and non-aromatic diluents. It is clear from Table 2.9 and Fig. 2.14 
that CC14 is the best diluent from those studied. 
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Table 2.9: Effect of different diluents on the distribution coefficient of N'ttrium. 
Diluents % Extraction Distribution 
Coefficient 
Carbon tetrachloride (1) 90.50 9.54 
Benzene (2) 81.25 8.33 
Toluene (3) 81.75 8.48 
O-xylene (4) 81.20 8.32 
Chloroform (5) 81.40 8.38 
Kerosene (6) 80.50 8.13 
10.00 
9.50 
9.00 
Distribution 
.5 coefficient 
8.00 
7.50 
7.00 
Fip_ure 2.14: Effect of different diluents on the distribution coefficient of yttrium. 
2.17 Effect of salting-Out agent concentration on the distribution coefficient of 
yttrium. 
Fig. 2.15 shows that the distribution coefficient of yttnum increases rapidly as the 
aqueous sodium sulfate concentration increases. The salting-out effect is supposed to 
be due to both to the increase in the thermodynamic activity of yttnum in the aqueous 
phase (38) and to the increase in S04 2- concentration. 
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Table 2.10: Effect of concentration of sodium sulfate on the distribution 
coefficient of yttrium 
[Sodium sulfatel/M Distribution Coefficient 
0.10 7.60 
0.35 7.63 
0.60 8.23 
0.85 9.12 
9.3 - ------ 
0 9.1 - 
8.9- 
8.7 - HE 
0E8.5 - 0M 8.3 - 
8.1 - 
7.9 - 
7.7 - 
7.5 - 
7.3 - 
0 0.2 0.4 0.6 0.8 
[Sodium sulfatel/M 
Figure 2.15: Effect of concentration of sodium sulfate on the distribution 
coefficient of yttrium 
2.18 S_Vner$! ism and mixed extractants. 
The major objective in using mixed extractants for the extraction of metals is to take 
advantage of any synergism that may result. Synergism may be defined as 
"cooperative action of discrete agencies such that the total effect is greater than the 
sum of the effects taken independently". The converse of this effect is known as 
antagonism. Many mixed extractant systems have been studied in attempts to take 
advantage of this effect, especially for the extraction of actinide elements in the 
nuclear industry. Many striking examples of synergism have been found. For 
example, the addition of only 0.003M tnbutyl phosphate (TBP) to thenoyl 
trifluoroacetone (TTA) increases the extraction coefficient of U(VI) by a factor of 
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5000 from 0.01M nitric acid solution. (8) During the last decade, other mixed systems 
have also been studied, including LIX 63-carboxylic acids, LIX 63-amines, (39) LIX 
63-D2EHPA, Kelex I 00-carboxylic acids, and many others. 
The chemistry involved in most synergistic effects is complex, and not well 
understood. It certainly appears that mixed extractant systems can offer much in the 
way of enhanced separation of metals, and increase solvent loading. Another purpose 
for the use of mixed extractant systems is in the simultaneous extraction of both a 
cation and an anion. 
2.18.1 Effect of TBP (tributyl phosphate ) on the distribution coefficient of 
-vttrium 
(synermistic effect). 
A stock solution of TBP 0.08M in carbon tetrachloride was added to 0.08M 
TiOA/carbon tetrachloride in different amounts. Table 2.11 shows that upon 
increasing the percentage of TBP added there is a decrease in the distribution 
coefficient of yttrium, indicating that TBP is an antagonist in this system. 
Table 2.11: Effect of TBP concentration on the distribution coefficient of yttrium 
(synerp-istic effect). 
TBP by volume % Extraction Distribution Coefficient 
10 90.25 9.26 
20 89.75 8.76 
30 89.25 8.30 
40 88.75 7.89 
50 87.50 7.00 
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A rf) 
5: 
Figure 2.16: Effect of different TBP volume on the distribution coefficient of 
yttrium 
2.18.2 Effect of TOPO (trioetyl phosphine oxide) on the distribution coefficient of 
yttrium (synerpistic effect). 
A stock solution of TOPO 0.08M in carbon tetrachloride was added to 0.08M 
TiOA/carbon tetrachloride in different amounts. Table 2.12 shows that by increasing 
the percentage of TOPO added there is a decrease in the distribution coefficient of 
yttnum, indicating that TOPO is an antagonist at lower concentrations. However, 
there is an enhancement in the distribution coefficient of yttrium when 40% volume 
of TOPO solution has been added, before another decrease at even higher added 
volume. This observation is reproducible but, as yet its origin is unknown. 
Table 2.12: Effect of TOPO concentration on the distribution coefficient of 
-vttrium 
(synergistic effect). 
%TOPO by volume % Extraction Distribution Coefficient 
10 90.38 9.39 
20 90.38 9.39 
30 90.25 9.26 
40 90.50 9.53 
50 90.13 9.13 
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9.60 
9.55 
9.50 
5 9.45 
9.40 
9.35 
9.30 
9.25 
9.20 
9.15 
9.10 
Fip_ure 2.17: Effect of TOPO concentration on the distribution coefficient of 
_Vttrium 
(synergistic effect). 
2.18.3 Effect of D2EHPA (di-2-ethylhexyl phosphoric acid) on the distribution 
coefficient of -vttrium 
(s_vnergistic effect). 
A stock solution of D2EHPA 0.08M in carbon tetrachloride was added to 0.08M 
TiOA/carbon tetrachloride in different amounts. Table 2.13 shows that by increasing 
the percentage of D2EHPA added there is a decrease in the distribution coefficient of 
yttrium. This means that D2EHPA is antagonistic, but may be enhancing the 
distribution coefficient at lower concentrations. 
Table 2.13: Effect of D2EHPA concentration on the distribution coefficient of 
yttrium (s-vnerp-istic effect). 
D2EHPA by 
volume 
% Extraction Distribution Coefficient 
10 91.60 10.90 
20 91.20 10.36 
30 91.20 10.36 
40 91.20 10.36 
50 90.80 9.45 
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10.00 
9.80 
9.60 
Cý 9.4 0 
9.20 
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Figure 2.18: Effect of D2EHPA concentration on the distribution coefficient of 
yttrium (synerl,! istic effect). 
2.19 Scrubbing. 
Scrubbing refers to the removal of unwanted co-extracted species in the metal-loaded 
solvent from the extraction stage of a process. There are many instances of the use of 
this technique in analytical chemistry, but relatively few in solvent extraction 
processes. Another well-used method is to remove co-extracted metals from the 
solution prior to solvent extraction, and a case in point here is iron, which can be 
precipitated. The specificity of an extractant for a particular metal depends on many 
factors, including pH, kinetics, complexation in the aqueous phase, metal and 
extractant concentrations, and so on. No extractant is entirely specific for one metal; 
hence co-extraction of other metals will occur to some extent, together with anionic 
species or acids. 
Co-extraction may be physical or chemical in nature. For example, entrainment of 
aqueous phase may occur into the loaded solvent, especially if the feed contains high 
metal concentrations, and would show up as co-extraction from analysis of the loaded 
solvent. However, this situation can usually be overcome by scrubbing the loaded 
solvent with water, or some other suitable solution. Purification of the loaded solvent 
by scrubbing is more of a problem if the co-extraction is chemical in nature. There are 
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essentially two ways of approaching this type of situation: use of acidic solution at a 
pH which is just sufficient to strip the unwanted metal and leave the metal of interest 
in the solvent phase; or use of a solution of a salt of the metal of interest which, by 
contacting with the loaded solvent, replaces the co-extracted (unwanted) metal by the 
metal required. The scrubbing technique thus provides a powerful technique for 
improving the quality of a loaded solvent prior to recovery of a metal by stripping. 
2.19.1 Scrubbing the loaded solvent Nttriurn). 
Washing of the organic phase (loaded solvent) containing yttrium after the extraction 
is carried out for several times with deionised water to remove any possible 
impurities. After this process the organic phase is transferred into third stage, called 
re-extraction step (stripping). 
2.20 Strimin 
Stripping, is the reverse reaction to extraction, and is really just the application of the 
law of mass action. From equation (35), the only variable, which can be changed to 
reverse the reaction, once the metal is extracted, is hydrogen ion concentration in the 
aqueous phase. Consequently, stripping in such cases requires the use of an acid 
solution of a concentration sufficiently high to shift the equilibrium to the left to drive 
the metal into the aqueous phase. With ion-association and solvating systems, where 
high salt or acid concentrations are required for metal extraction, stripping with water 
usually results in shifting the equilibrium to the left. 
The stability of the extracted species will govern the type and concentration of strip 
solution required. For example, it should be evident that the lower pH at which metal 
extraction occurs, the higher must be the acid concentration of the strip solution. 
Problems can occur when the stability of the extracted complex is so great that even 
concentrated acids will not allow the metal to be stripped. This occurs, for example, in 
the case where cobalt is extracted by LIX extractants from ammonia solutions, and 
results from the oxidation of the Co(II) content of the solutions to Co(Ill). Co(Ill) 
amine complexes are very stable and are not readily decomposed by strong acids. 
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Hence, they are not amenable to stripping by acids. One alternative way invvhich 
cobalt has been stripped from such extractants is by precipitating it vrith H2S. 
( 4ý)) 
The general procedure for stripping yttrium in our experiments was as follows: the 
loaded solvent is contacted with a suitable acid or base strip solution, at an 
appropriate phase ratio, until equilibrium is attained. The aqueous phase was then 
removed and analysed for yttnum. The stripping process depends on a number of 
factors, which have to be studied in order to obtain the best stripping efficiency that 
matches at the same time with economic considerations. The factors under 
consideration were: the effect of different reagents in the strip solution, the effect of 
different reagent concentrations, the contact time and the organic/aqueous phase ratio. 
2.20.1 Stripping fre-extraction) experiments. 
A general procedure for this technique was as follows. The loaded solvent is 
contacted with a suitable strip solution, acid or base, at an appropriate phase ratio until 
equilibrium was attained. The aqueous phase was then removed and analysed. 
2.20.1.1 Effect of different reap-ents. 
The loaded TiOA/CC14 were mixed with different acidic, basic, or even neutral 
stripping aqueous solutions, to find out the most suitable reagent for re-extraction of 
yttnum. 
2.20.1.2 Acidic stripping. 
Three different acid reagents namely HCI, HN03 and H2SO4 in the same 
concentrations were tried to find out the most suitable reagent for stripping yttrium at 
an aqueous/organic phase ratio of 1: 1. It is clear from the obtained result that H2SO4 IS 
the best reagent for stripping yttrium, moreover it is cheapest. 
85 
Chapter 2). 
Table 2.14: Effect of different acidic reagents on the stripping of vttrium 
Stripping agents % Stripping 
6M HCI 6.90 
6M H2SO4 18.61 
6M HN03 18.33 
2.20.1.3 Alkaline strippin . 
Sodium hydroxide and sodium carbonate (0.1 M) were chosen as basic stripping 
reagents, but were less effective than any of the acidic reagents. 
Table 2.15: Effect of different alkaline reagents on the stripping of yttrium 
Stripping agents % Stripping 
OAM Na2CO3 1.94 
OAM Na OH 2.13 
2.20.1.4 Effect of different sulfuric acid concentrations. 
A series of strIpping experiments were carried out, using H2SO4 solution of 
concentration ranging from 2M to 14M. The obtained results are given in Table 2.16 
and shown in Fig. 2.19. It is clear from the obtained results that stripping by I OM 
H2SO4gives the best yttrium re-extraction percent, while the contact time was 10 
minutes and phase ratio 1: 1 organic/aqueous phase ratio, room temperature. 
Table 2.16: Effect of sulfuric acid concentration on the stripping of yttrium. 
IH2SO41/M % Stripping 
2 11.13 
6 18.61 
10 37.22 
14 33.60 
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FiV, ure 2.19: Effect of sulfuric acid concentration on the stripping of yttrium. 
2.20.1.5 Effect of different nitric acid concentrations. 
A series of stripping experiments were carried out, using HN03 solution of 
concentration ranging from 2M to 14M. The obtained results are given in Table 2.17 
and shown in Fig. 2.20. It is clear fTom the obtained results that by increasing the 
concentration of nitric acid the stripping of yttrium increases to a maximum at 14M 
HN03 , while the contact time was 10 minutes, phase ratio 1: 1 organic/aqueous phase 
ratio at room temperature. 
Table 2.17: Effect of nitric acid concentration on the stripping, of vttrium. 
IHN03]/M % Stripping 
2 8.40 
6 16.30 
10 22.90 
14 23.80 
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Fip, ure 2.20: Effect of nitric acid concentration on the stripping of yttrium. 
2.20.1.6 Effect of contact time on the stripping of vttrium. 
The effect of contact time on the attainment of an equilibrium state has been studied 
at the time interval I to 20 minutes, while the other factors were kept at I OM H2SO4 
and 1: 1 (v/v) aqueous to organic phase ratio, the experiments were carried out at room 
temperature. The results obtained are given in Table 2.18 and shown in Fig. 2.2 1. It is 
obvious that contact time of 5 minutes is sufficient for yttrium stripping from the 
loaded solvent. 
Table 2.18: Effect of mixing time on the strippinp- process of yttriu . 
Time/minutes % Stripping 
1 20.02 
5 60.00 
10 60.10 
15 60.12 
20 60.14 
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Figure 2.21: Effect of mixing time on the strippinp_ process of yttrium. 
2.21 Conclusions for liquid-liquid extraction of -vttrium. 
Liquid-liquid solvent extraction has the advantage of being easily engineered for 
continuous operation and has been proved remarkably robust since its introduction for 
uranium production. The optimum conditions for liquid-liquid extraction of yttnum 
from sulfate solution by tri-isooctylamine have been investigated: the concentration of 
TiOA is 0.08M, contact time 5 minutes which is quite adequate for high efficiency of 
extraction, pH 0.97 which is the same pH of stock solutions prepared, the best diluent 
is carbon tetrachloride, room temperature, 0.50M H2SO4 as aqueous composition, and 
by constructing the McCabe-Thiele diagram two stages are sufficient for almost 
complete yttriurn extraction which approaches to the saturation of solvent. 
Scrubbing the loaded solvent can be achieved with distilled water. Also, the suitable 
conditions for stripping of yttrium, are: H2SO4 is the best stripping reagent, I OM 
H2SO4 concentration gives the highest stripping efficiency, mixing time for stripping 
5 minutes. 
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Liquid-liquid extraction of cerium(III) 
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3.1 Introduction to cerium chemistry. 
3.1.1 Natural occurrence of cerium. 
Cerium is the most abundant element of the rare earth group. It ranks 28 th in the abundances 
of the 83 naturally occurring elements of the Earth's lithosphere. The more important 
minerals containing cerium are allanite (also known as orthite), bastnaesite, cerite, and 
monazite. Allanite, which is a silicate containing rare earths, aluminium, calcium, and iron, is 
found widely in the United States, Germany, Madagascar, Russia, and Scandinavia. 
4+ 3+ Cerium is characterized chemically by having two stable valence states, Ce , cenic, and Ce 
cerous and this property underlies several technological uses. The ceric ion is a powerful 
oxidizing agent but when associated with strongly coordinating ligands, especially oxygen- 
donors, is completely stabilized, and indeed cerium oxide Ce02 (ceria) is the forrn of cerium 
most widely used. (1) First isolated as an impure oxide in 1803, the recognition that cerium 
was a unique element, and its relationship to other elements, were factors in the gradual 
development of the Periodic Table Concept. The separation and identification of all the 
individual 4f elements, cerium included, caused considerable confusion one hundred years 
ago but helped lead eventually to our understanding of atomic structure. 
3.1.2 Mineral resources. 
Although cerium has been found in many minerals (2) it is usually present as a trace element 
rather than as an essential component. Little of it occurs in economically significant deposits. 
The net result is that there are just two minerals that supply the bulk of the world s cerium. 
Bastnaesite and monazite are two minerals both containing predominantly light-lanthanides, 
and both have very similar cerium contents. Bastnaesite, which is essentially a rare earth 
fluorocarbonate, is the second most important commercial source for cerium and light rare 
earths. The major deposit of bastnaesite is found in Southern Calfornia. Cerite, which is a 
calcium-iron-rare earth silicate, is principally found in Sweden. Monazite, which is the 
principal source of cerium, is a phosphate containing thorium and the light rare earths. The 
most important deposits are located in the United States, Australia, India and South Affica. 
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Table 3.1: The rare earth content of various ores. (3) 
Ores 
Rare Earth Oxides 
- 
Monazite Bastnaest Xenotime Loparite 
Lanthanum La203 32.90 32.00 0.50 28.00 
ri c 
[C 
e Cerium Ce02 46.00 49.00 5.00 57.40 
Pr lairths Praseodymium Pr6011 5.10 92.40 4.40 98.90 0.70 8.40 3.70 97.9 
Neodymium Nd203 17.40 13.50 2.20 8.80 
Samarium SM203 2.50 0.50 1.90 0.92 
Europium EU203 0.05 0.10 0.20 0.13 
Gadolinium Gd203 1.50 0.30 4.00 0.22 
Terbium Tb407 0.04 0.01 1.00 0.07 
Yttric Dysprosium DY203 0.69 7.60 0.03 1.10 8.70 91.60 0.09 2.1 
earths Holmium H0203 0.05 0.01 2.10 0.03 
Erbium Er203 0.20 0.01 5.40 0.07 
Thulium TM203 0.01 0.02 0.90 0.07 
Ytterbium Yb203 0.12 0.01 6.20 0.30 
Lutetium LU203 0.04 0.01 0.40 0.05 
Yttrium Y203 2.40 0.10 60.80 0.15 
Thorium (2) Th02 6.70 0.35 0.80 0.65 
Uranium (2) U308 0.28 0.05 1.20 
I- Average value expressed in wt % of total rare earth oxides may varyfrom one deposit to 
another, and expressed in wt % of oxide to ore. 
3.1.3 Production and applications of cerium. 
The production of cerium derivatives requires: 
Production of a mineral concentrate by physical ore dressing techniques. Then attack by acid 
digestion on that concentrate to create a suitable mixed- I anthani de for later separation 
processes. Then either, direct production of cenum-nch matenals, or separation of the mixed- 
lanthanide into individual pure lanthanide compounds of pure cerium. 
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Commercially, ceric oxide is the most important form of cerium. There are also many other 
applications in which mixtures of cerium, lanthanum, neodymium, and other rare earths are 
used. These mixtures may be of the forin of metallic alloys, mixed oxides or mixed halides. 
Ceric oxide is used to polish glass, especially precision optical glasses. It is superior to rouge, 
in that it polishes glass much quicker. Because of its oxidizing power, cerium is used in glass, 
which is subjected to alpha, gamma, x-ray, light and electron radiation. The cerium decreases 
the rate of discoloration in glass, primarily by preventing divalent iron from forming, i. e. it 
oxidizes Fe(rI) to Fe(IU). This is especially useful in TV tubes, where electron radiation 
could cause the glass to discolour and destroy the colour quality of the TV picture. Cenc 
oxide is also used to opacify enamels, photo chromic glasses, ceramic coatings, refractory 
oxides, phosphorus, cathodes, capacitors and semiconductors, and as a catalyst. Because of 
cerium's low nuclear cross section, ceric oxide is also used as a diluent in uranium, 
plutonium or thorium. oxide nuclear fuels. 
The most common form of cenum-rare earth alloys is known as mischmetal, and it contains 
about 50% cerium, 25% lanthanum, 18% neodymium, 5% praseodymium and 2% other rare 
earths. 
3.1.4 Recent develODments in cerium extraction chemist 
Liao Wuping et al (4) studied the solvent extraction of cerium(IV) and F from simulated 
sulfuric acid leaching of bastnaesite by Cyanex 923. This can extract not only Ce(IV) as 
Ce(HS04)2(SO4). 2(Cyanex 923) but also F as HF(Cyanex 923). The extraction mechanism 
of Ce(IV) together with F can be related to the formation of Ce(HF)(HS04)2(SO4). 2(Cyanex 
923). Boric acid in the leaching liquor, which was added to chelate F, was not extracted alone 
by Cyanex 923 and did not influence the cerium(IV) extraction. Boric acid can enhance the 
extraction of HF, forming (HF)(H3BO3)-(Cyanex 923) in the organic phase. HF was extracted 
from the bastnaesite leaches mainly together with Ce(IV). The temperature did not affect the 
extraction process. 
Soldenhoff et al (5) have studied a new solvent extraction process for the Purification of 
cenurn from sulfate media. This process was developed specifically to recover cenum from a 
residue produced by the processing of concentrate from the Mt. Weld deposit in Western 
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Australia. The liquor treated by solvent extraction contained 62 g/I rare earths and the cenum 
to total rare earth ratio was 74%. Other impurities, including Fe and Th, totaled 2000 ppm. 
Di-2-ethylhexyl phosphoric acid in a low aromatic content diluent, was used to extract Ce 4, 
selectively over the trivalent rare earths. Partial co-extraction of Fe and Th occurred but it 
was found that these elements were not easily stripped and therefore selective back extraction 
of cerium was possible. The cerium was stripped from the organic phase by HCI and H20. In 
continuous counter-current trials two extraction stages and three stripping stages were used. 
A regeneration process was developed to prevent poisoning of the solvent by impurities. In 
the continuous counter-current trials, 97 % Ce(IV) extraction was achieved and the Ce to 
total rare earth ratio was upgraded to >99 %. 
Takahashi, Toshio et al (6) studied solvent extraction of cenum(III) with phosphoric acid 
esters. Considerable attention was given to efficient separation of TRU (trans-uranium) 
actinides from nuclear wastes, and a new process, extraction chromatography, was 
developed. To develop the new process, the authors examined extractants, which were 
applied to an extraction chromatography separation system. 
Bauer and Shaw (7) have studied metathesis of bastnaesite and solvent extraction of cerium. 
Bastnaesite concentrate was processed to recover total rare-earth content and obtain high- 
purity ceric nitrate. Reaction of the concentrate with 45% NaOH for I hour at 180 'C in 
stainless steel vessels effected 99% conversion to rare earth hydroxide. A drying step 
followed by solution in HN03 produced a quadrivalent Ce fraction amenable to extraction 
with (BUO)3PO- Single-stage separation funnel experiments gave 90 % recovery of 
cerium(IV) nitrate at 99.9% purity. Fractional extraction in pressure-bubbler columns 
affected 98.5% recovery of 99.5% pure cenum(IV) nitrate. 
Sato, Taichi and Kefichi (8) studied solvent extraction of cerium(Ill) from aqueous 
thiocyanate solutions by neutral organophosphorus compounds. The extraction of Ce(III) 
from aqueous solutions containing KSCN by TBP or TOPO in kerosene or benzene was 
studied under different conditions. IR spectral studies were carried out on the organic 
extractants. The distribution coefficient of Ce(III) for TBP increases linearly with increasing 
aqueous thiocyanate concentration. The equilibrium equation for the extraction by TBP can 
be expressed as follows: 
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Ce 3+ (aq) + 3NCS-(aq) Ce(NCS)3(aq) (41) 
Ce(NCS)3(aq) +4 TBP(org) - Ce(NCS)3.4TBP(org). (42) 
A similar result was also obtained for the extraction by TOPO, although the extraction 
efficiency of TOPO is higher than that of TBP. The IR results indicate that the thiocyanate 
ion coordinates to the Ce ion through the N atom and that the Ce ion combines with the 
phosphoryl 0 atom of the extractants. 
Yu and Zheng (9) studied solvent extraction of cenum(III) with 1-(2-pyfidylazo)-2-naphthol 
in CHC13 from perchloric acid media. The effect of equilibrium time, the pH of the aqueous 
phase and the concentration of extractant in organic phase on the extraction efficiency of Ce 
was studied, also an extraction mechanism is postulated. 
Santhi et al (10) have studied synergism in the extraction of Ce(III) from thiocyanate solutions 
by using mixtures of 2 -thenoyl tri fl uoro acetone (HTTA) (4,4,4-trifluoro- I -(2-thienyl)- 1,3- 
butanedione) and bis-2-ethylhexyl sulfoxide (B2EHSO) or di-n-octyl sulfoxide (DOSO) in 
benzene. A very high synergistic enhancement of the order of 105 was observed. If a mixture 
of both dialkyl sulfoxides (B2EHSO + DOSO) is used, an additional synergistic effect is 
found due to the formation of a mixed, solvated complex when both reagents are added to the 
metal chelate. The extraction data were analyzed theoretically by taking into account 
complexation of the metal in the aqueous phase by inorganic ligands and plausible 
complexation in the organic phase. 
00 
I- 
Figure 3.1: Chentical structure of 4,4,4-trifluoro-l-(2-thenoyl)-1,3- butanedione 
(HTTA). 
Chatterjee and Basu (11) studied solvent extraction of cerium(Ill) with high molecular 
weight amines by using these amines in the extraction of cenum(III) as an EDTA complex 
from nearly neutral aqueous medium. The extraction conditions were optimized from the 
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study of effects of several variables such as concentration of amine and EDTA. pH, nature ot' 
diluents etc. The method was applied for the determination of cerium in a few mineral 
samples. 
Zhao et al (12) studied the coordination reaction during the solvent extraction of cerlui-n(IV) 
and fluoride from mixed nitric acid and hydrofluoric acid solutions by dl-(2-ethylhexyl)-2- 
ethylhexyl phosphonate, L (DEHEHP) in heptane. The extraction data have been analyzed bý' 
graphical methods taking into account all species extracted into the organic phase. Different 
variables influencing the extraction of Ce(IV), such as the concentrations of nitrate ions, 
hydrofluoric acid, and extractant have been studied. The results demonstrate that DEHEHP 
can extract not only Ce(N03)4 as Cc (N03)4.2L and HF as HF. H20. L, but both together as 
Ce(HF)(N03)4. L. The extraction equilibrium equations are detennined according to slope 
analysis and IR spectra. 
The equilibrium constants of the extracted complexes have been calculated, taking into 
account complexation between the metal Ion and inorganic ligands in the aqueous phase and 
all complexes extracted into the organic phase. It is also shown that boric acid, which was 
added into the mixed solutions to complex with F- is not extracted by DEHEHP, and neither 
does it affect the extraction of cerium(IV) and HF, nor change the extraction mechanism. 
Finally, this work points out the basis of separation of Ce(IV) and recovering F- from nitric 
acid leach liquors of bastnaesite. 
Further work (")has studied the extraction of Ce(IV) from nitric acid solution using di-(-2- 
ethylhexyl) 2-ethylhexyl phosphate (DEHEHP, B) in heptane. Ce(IV) can be extracted 
effectively from nitric acid solution, whereas it is poorly extracted from sulfuric acid 
solution. Compared with some other organophosphorus esters, DEHEHP has moderate 
extractability for Ce(IV). The extraction efficiency varies with diluent in the order: aliphatic 
hydrocarbons > nitrobenzene > aromatic hydrocarbons > carbon tetrachloride > chloroform. 
Regeneration and loading capacities of DEHEHP have also been examined. Ce(IV) extraction 
increases with an increase of HN03 concentration, as well as extraction of HN03 and H20 
have been systematically studied. The Ce(IV) extraction increases with the increasing of 
HN03 concentration, and exhibit the maximum distribution ratio at 1-1.5 mol/L HN03. Nitric 
acid, as a source of nitrate ion, enhances the extraction of metal ion. But it also competes with 
the metal ions for extractant molecules under high acidity. The extraction equilibrium 
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constants and IR spectroscopies of extracted complexes are determined. The extraction 
thermodynamic parameters are also calculated and the extraction reaction was found to be 
exothermic. 
3.2 Results and discussion. 
In order to obtain an efficient and economic separation of cenum(III), it has been necessary 
to study the relevant factors affecting the liquid-liquid extraction process to determine the 
optimum conditions for cerium(III) extraction from sulfate liquor. These factors include 
TiOA concentration, diluent, pH value, temperature, contact time, aqueous phase 
composition and construct McCabe-Thiele diagram for cenum(III) extraction. In addition, the 
synergistic effect of using TOPO and D2EHPA to enhance the extraction of cenum(I I I) has 
been investigated. The stripping process depends on a number of factors, which have to be 
studied to obtain the best stripping efficiency that matches at the same time economic 
considerations. The factors under consideration are effect of different reagents (strip solution) 
such as H2SO4, HN03 and HCI, effect of different reagent concentrations, effect of contact 
time, aqueous/organic phase ratio and construct McCabe-Thiele diagram for cenum(III) 
stripping. All of the following experiments followed the procedures described in detail in 
chapter 2. 
3.2.1 Effect of different concentrations of tri-isooctyla mine (TiOA) in carbon 
tetrachloride on the distribution coefficient of cerium(III). 
Firstly the solvent must be equilibrated by contacting it with 0.5M sulfuric acid for 5 minutes. 
To 5 ml of the sulfate liquor, 5 ml of a solution of TiOA In CC14 was added with 
concentration ranging from 0.01 to 0.2M, and then the solution was shaken for 10 minutes at 
room temperature to attain equilibrium state. The optimum value of a 0.1 M solution of T, OA 
inCC14was chosen from the data reported in Table 3.2 and presented in Fig. 3.2, for 
economic reasons, by increasing the TiOA concentration the distribution coefficient of 
cerium(Ill) increases. 
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Table 3.2: Effect of different concentrations of solvent/carbon tetrachloride on the 
distribution coefficient of cerium(III). 
[TiOAl/M % Extraction Distribution 
coefficient 
0.01 90.87 9.95 
0.04 91.05 10.60 
0.06 91.10 10.90 
0.08 92.95 11.18 
0.1 93.20 11.31 
0.2 93.22 13.76 
14.00 -- 
13.50 - 
13.00 - 
ýE 12.50 - 
12.00 - 
11.50 - 
11.00 - 
10.50 - 
10.00- 
9.50 4- 
0.00 
[TiOAl/M 
0.25 
Fip-ure 3.2: The effect of different concentrations of TiOA on the distribution coefficient 
of cerium(III). 
3.2.2 Effect of contact time on the distribution coefficient of cerium(III). 
The effect of contact time on the attainment of an equilibrium state was studied at intervals 
between 1-20 minutes, while the other factors were kept as mentioned before. The results 
obtained are given in Table 3.3 and shown in Fig. 3.3. It is obvious that a contact time of 5 
minutes is quite adequate for efficient cerium(III) extraction and highest distribution 
coefficient. Also, increasing contact time above 5 minutes causes a slight change in 
distnbution coefficient. 
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Table 3.3: Effect of contact time on the distribution coefficient of cerium(III) from O. I. Nl 
solvent/carbon tetrachloride. 
Time/minutes % Extraction Distribution 
coefficient 
1 88.40 7.62 
5 93.20 13.71 
10 93.15 13.59 
15 93.10 13.49 
20 93.10 13.49 
15 
14 
13 
12 
11 
'I u 
m 
L. ýj 
. 4.0 U) 
0 
7 
5 10 15 20 25 
Time/minutes 
Fip_ure 3.3: The effect of contact time on the distribution coefficient of cerium(III). 
3.2.3 Effect of pH on the distribution coefficient of cerium(III). 
The distribution coefficient has been studied by varying the pH values of the studied sulfate 
liquor from 0.5 to 1.55, using either sulfunc acid or sodium hydroxide. Other factors were 
fixed at 1: 1 (v/v) organic to aqueous phase ratio, 0.1 M TiOA in carbon tetrachloride, contact 
time 5 minutes and the expenments were carried out at room temperature. The results 
obtained are given in Table 3.4 and shown in Fig. 3.4. It is clear that a pH of the sulfate liquor 
of 0.9 can be taken as an optimum pH value. Fortunately, that is the same pH of the parent 
sulfate liquor under examination. However. by increasing pH above 0.9 there is a decrease in 
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the distribution coefficient of Ce(III). The reason for that behavior is similar to that explained 
in section 2.11. (14) 
Table 3.4: Variation of cerium(III) distribution coefficient with the pH of the sulfate 
solution. 
pH % Extraction Distribution coefficient 
0.50 76.90 3.32 
0.70 78.40 3.63 
0.90 93.20 13.71 
1.25 81.98 4.55 
1.55 80.90 4.24 
16 
14 
12 
lo 
8 
6 
4 
(n 
a2 
0 4-- 
0.00 0.50 1.00 1.50 2.00 
pH 
Fip, ure 3.4: The effect of PH on the distribution coefficient of cerium(III). 
3.2.4 Effect of different diluents on the distribution coefficient of cerium(III). 
The distribution coefficient of cenum(III) has been studied using different organic diluents 
namely carbon tetrachloride, benzene, toluene, o-xylene, kerosene, and chlorofon-n. The other 
studied factors were fixed at the values at which maximum distribution coefficient occurred i. 
c. 1: 1 (v/\, ) organic to aqueous phase ratio, room temperature, 0.1 M tn-isooctylamine in all 
diluents, contact time 5 minutes. Results are presents in Table 3.5. It is obvious that although 
bcii/. cne and toluene have dielectric constants in the same order of magnitude as thatOf CC14, 
103 
Chanter 33 
they are both less efficient at extracting cenum(III). This is probably due to the lower 
solubility of the extracted species in these diluents as compared withCC14. This is probably a 
function of the different inten-nolecular diluent: diluent and solvent: diluent interactions that 
occur in aromatic and non-aromatic diluents. It is clear from Table 3.4 and Fiv. 3.5 that 
chloroform is the best diluent. 
Table 3.5: Effect of different diluents on the distribution coefficient of ceriuni(III). 
Diluents % Extraction Distribution 
coefficient 
Kerosene (1) 92.75 12.79 
Carbon tetrachloride (2) 93.25 13.80 
Chloroform (3) 93.50 14.38 
Benzene (4) 86.00 6.14 
Toluene (5) 85.75 6.02 
O-xylene (6) 85.00 5.66 
16 
14 
12 
10 
Distribution 8 
coefficient 
6 
4 
2 
0 
Figure 3.5: Effect of different diluents on the distribution coefficient of cerium(III). 
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3.2.5 Effect of temperature on the distribution coefficient of cerium(III). 
For studying the effect of temperature on distribution coefficient and extraction percent, 
expenments were carried out in oil bath using an electric thermostat, the temperature of 
which was regulated from 25-50 T. The following factors were kept constant at 1: 1 (vI/v) 
organic to aqueous phase ratio, pH 0.9, a contact time of 5 minutes, chloroform as d1luent, 
and 0.1 M TiOA. From the obtained results (Table 3.6 and Fig. 3-6) it is clear that room 
temperature can be considered as the best temperature. It is obvious from the data obtained, 
that distribution coefficient decreases with increasing temperature. This means that the 
extraction of cerium(III) is exothermic. This behaviour is similar to that reported by previous 
investigators. (15,16) 
Table 3.6: Effect of temperature on the distribution coefficient of cerium(III). 
Temperature, 'C % Extraction Distribution coefficient 
25 93.75 13.00 
30 91.25 10.43 
35 90.00 9.00 
40 88.75 6.51 
50 84.75 5.56 
13.5 
12.5 
.2 11.5 
10.5 
(D 
0 
9.5 
.28.5 
7.5 
U) 6.5 
5.5 
4.5 
20 25 30 35 40 45 50 55 
1 
Temperature C 
FiL, ure 3.6: Effect of temperature on the distribution coefficient of cerium(III). 
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3.2.6 Distribution coefficients of cerium(III) as a function of aclueous H7SQ4 
concentration. 
Fig. 3.7 shows the effect of different concentrations of H2SO4 on the distribution coefficients 
of cenum(III) in the two phases. The distribution coefficient of cerium(III) increases as the 
concentration of H2SO4 increases from 0.5-1. OM, but then decreases as the acid concentration 
is increased further. The reason for the initial increase in extraction may be caused by the 
salting-out effect of sulfuric acid. With further increase in H2SO4 concentration, the 
concentration of free extractant decreases, probably as a result of sulfuric acid co-extraction. 
However, the best concentration of H2SO4 to use for cerium(III) highest distribution 
coefficient is clearly I M. Other factors in this experiment were fixed at 1: 1 v/v organic to 
aqueous phase ratio, 0.1 M TiOA in chloroform, mixing time 5 minutes and the experiments 
were carried out at room temperature. The results obtained are given in Table 3.7. 
Table 3.7: Variation of cerium(III) distribution coefficient with concentration of H2SO4 
solution. 
IH2SO41/M % Extraction Distribution coefficient 
0.5 93.75 15.00 
1 95.13 19.51 
2 88.38 7.60 
4 83.93 5.22 
6 76.95 3.34 
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Fip, ure 3.7: Effect of H2SO4 concentration on the distribution coefficient of cerium(III). 
3.2.7 Equilibrium curve and construction of McCabe-Thiele diapram for cerium(III) 
extraction.. 
20 ml of each of the organic phase (0.1 M TiOA in chloroform) and aqueous phase were 
contacted for 5 minutes until equilibrium is obtained. The phases were allowed to separate 
and the aqueous phase was removed and analysed. A measured portion of the organic phase 
was also taken for analysis. Fresh aqueous solution was then added to the organic phase to 
give the same phase ratio as that originally used. The phases were again contacted until 
equilibrium was obtained, and the procedure repeated. This process was carried out until 
saturation of the solvent with ceriurn(Ill) was obtained. Care must be taken to keep the same 
pH value of 0.9 throughout the series of shake-outs. The obtained data were used to obtain 
the equilibrium curve by plotting the cerium(Ill) concentration in the organic phase against 
its concentration in the aqueous phase. The next step was the construction of McCabe-Thiele 
diagram. From Fig. 3.8 we can see cerium(Ill) extraction under these conditions needs three 
extraction stages for nearly complete recovery. 
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Figure 3.8: McCabe-Thiele diap_ram for cerium(III) extraction 
3.3 S_Vneri,! ism and mixed extractants. 
5 
The major objective in using mixed extractants for the extraction of cenum(III) is to take 
advantage of any synergism that may result. It certainly appears that mixed extractant 
systems can offer much in the way of enhancing separation of cerium(III). (17,18) 
3.3.1 Effect of TOPO (trioctvlphosphine oxide) on the extraction of cerium(III) 
(synergisti effect). 
A stock solution of TOPO (0.1 M in chloroform) was added to 0.1 M TiOA/chlorofon-n in 
different amounts. Table 3.8 and Fig. 3.9 show that by increasing the percentage of TOPO 
added there is a slight increase in the extraction of cerium(III). This means that TOPO is 
synergistic at lower concentrations. However, there is an enhancement in the extraction of 
cenum(III) when 40% volume of TOPO solution has been added, before another decrease at 
even higher added volume. This observation is reproducible but, as yet its ongin is unknown. 
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Table 3.8: Effect of TOPO concentration on the extraction of cerium(III) (synergistic 
effect). 
% TOPO by volume % Cerium extraction 
10 93.10 
20 93.20 
30 93.30 
40 93.75 
50 92.80 
93.80 - 
93.60 - 
93.40 - 
VC 93.20 - 
93.00 - 
92.80 - 
92.60 - 
0.00 10.00 20.00 30.00 40-00 50.00 60.00 
TOPO % by volume 
Figure 3.9: Effect of TOPO concentration on the extraction of cerium(III) (synerl! istic 
effect) 
3.3.2 Effect of D2EHPA (di-2-ethvlhexyl phosphoric acid) on the extraction of 
cerium(III) (synerp-istic effect). 
Little is known of the formation of mixed complexes in amine extraction systems with 
D2EHPA. Some evidence is available that synergistic extraction of uranium (19) occurs with 
mixtures of tn-n-octyl amine and D2EHPA from high concentration of sulfate, in addition to 
fon-ning the amine organophosphate salt, the phosphate species coordinates to the metal and 
enhances the extraction. A stock solution of D2EHPA 0.1 M in chloroform was added to 
0.1 M TiOA/chlorofon-n in different amounts. Table 3.9 and Fig. 3.10 show that by increasing 
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the percentage of D2EHPA added there is an increase in the extraction of cenum(III). This 
means that D2EHPA is a good synergist and enhances the separation of cerium(III). 
Table 3.9: Effect of D2EHPA concentration on the extraction of cerium(III) 
(synerp-istic effect). 
% D2EHPA by volume % Cerium extraction 
10 93.30 
20 93.90 
30 94.20 
40 94.70 
50 95.00 
95.20 - 
95.00 - 
94.80 - 
94.60 - 
94.40 - 
94.20 - 
94.00 - 
93.80 - 
93.60 - 
93.40 - 
93.20 - 
0.00 10.00 20.00 30.00 40.00 50.00 60.00 
D2EHPA % by volume 
Fip, ure 3.10: Effect of D2EHPA concentration on the extraction of cerium(III) 
(syner2istic effect). 
3.4 Scrubbing the loaded solvent cerium(III) 
Washing of the organic phase (loaded solvent) containing cenum(III) after the extraction is 
carried out for several times with deionised water to remove any possible Impurities. After 
this process the organic phase is transferred to a third stage, called a re-extraction step 
(stripping). 
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3.5 Stripping of cerium(III). 
The general procedure for stripping cenum(Ill) in our experiments is as follows: the loaded 
solvent is contacted with a suitable acid or base strip solution, at an appropriate phase ratio, 
until equilibrium is attained. The aqueous phase is then removed and analysed for 
cerium(III). The stripping process depends on a number of factors, which have to be studied 
in order to obtain the best stripping efficiency that matches at the same ti economic ime with 
considerations. The factors under consideration are: the effect of different reagents in the strip 
solution, the effect of different reagent concentrations, the contact time and the 
organic/aqueous phase ratio. 
3.5.1 Effect of different sulfuric acid concentrations on the strippinp, of cerium(l 11). 
A series of stripping experiments were carried out, using HS04 solutions of concentration 
ranging from IM to 12M. The obtained results are given in Table 3.10 and shown in Fig. 
3.11. It is clear from the obtained results that stripping by 6M H2SO4gives the best 
cerium(III) re-extraction percent, while the contact time was 10 minutes and phase ratio 1: 1 
organic/aqueous and room temperature. However, by increasing H2SO4 concentration above 
6M (pH decrease) there is a decrease in Ce(Ill) stripping, possibly owing to the protonation 
of the extractant which means that the stability of the extracted species is increased. 
Table 3.10: Effect of sulfuric acid concentration on the stripping of cerium(III). 
IH2SO41/M Cerium(III) % stripping 
1 2.80 
3 3.00 
6 14.20 
9 5.00 
12 4.20 
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Figure 3.11: Effect of sulfuric acid concentration on the strippinp_ o 
cerium(III). 
3.5.2 Effect of different HCI concentrations on the stripping of cerium(III). 
A series of stripping experiments were carried out, using HCI solutions of concentration 
ranging from IM to 11.48M. The obtained results are given in Table 3.11 and shown in Fig. 
3.12. It is clear from the obtained results that stripping by 6M HCI gives the best cenum(III) 
re-extraction percent, while the contact time was 10 minutes and phase ratio 1: 1 
organic/aqueous and room temperature. 
Table 3.11: Effect of HCI concentration on the stripping of cerium(III). 
IHCII/M Cerium(III) % stripping 
1 10.50 
3 34.60 
6 37.55 
9 35.55 
11.48 25.15 
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Fip, ure 3.12: Effect of HCI concentration on the stripping of cerium(I I I). 
3.5.3 Effect of different nitric acid concentrations on the strippinp_ of cerium(III). 
A series of stripping experiments were carried out, using HN03 solutions of concentration 
ranging from IM to 12M. The obtained results are given in Table 3.12 and shown in Fig. 
3.13. It is clear from the obtained results that stripping by 3M HN03 gives the best 
cerium(III) re-extraction percent, while the contact time was 10 minutes and phase ratio 1: 1 
organic/aqueous, room temperature. 
Table 3.12: Effect of nitric acid concentration on the stripping of cerium(III). 
IHN03]/M Cerium(III) % stripping 
1 42.25 
3 60.17 
6 27.63 
9 21.10 
12 19.40 
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Fip, ure 3.13: Effect of nitric acid concentration on the stripping of cerium(III). 
By companng the effect of the three different acids on the stripping of cenum(III), from 
Fig. 3.14 it is clear that 3M HN03 gave the highest recovery of cerium(III). 
70 
60 - 
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50 - 
0. 
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Figure 3.14: Effect of different acids on the stripping of cerium(III). 
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3.6 Effect of contact time on the strippinp, of cerium(III). 
The effect of contact time on the attainment of an equilibnum state has been studied at the 
time interval I to 30 minutes, while the other factors were kept at 3M HN03 and 1: 1 (v v) 
aqueous to organic phase ratio, the experiments were carried out at room temperature. The 
results obtained are given in Table 3.13 and shown in Fig. 3.15. It is obvious that contact time 
of 5 minutes is sufficient for cenum(III) stripping from the loaded solvent. But by increasing 
mixing time there a decrease in percent stripping of Ce(III) because some loaded organic 
droplets entrain to aqueous phase causing less amount of Ce(Ill) mass transfer from organic 
to aqueous phases. 
Table 3.13: Effect of contact time on the stripping of cerium(III). 
Time/minute Cerium(III) % stripping 
1 22.60 
5 60.25 
10 53.70 
15 50.33 
30 49.78 
65 
60 
55 
50 
45 
40 
35 - 
30 - 
25 - 
20 - 
0 10 20 30 40 
Contact time/minutes 
Figure 3.15: Effect of contact time on the strippinp, of cerium(l 11). 
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3.7 Effect of aclueous/orp_anic phase ratio on the stripping of cerium(III). 
This effect on the stripping process was studied by changing the aqueous/organic phase ratio 
(v/v) from 1: 2 to 1: 6. The results obtained are given in Table 3.14 and illustrated in Fig. 3.16. 
It is clear from the obtained results that aqueous/organic phase ratio 1: 3 is the best ratio as it 
gives the best stripping efficiency of cenum(III). 
Table 3.14: Effect of aqueous/orp_anic ratio on the strippinp, process of cerium(III) using, 
3M HN03- 
Aqueous/organic ratio Cerium(III) distribution coefficient 
1/2 4.33 
1/3 5.21 
1/4 3.98 
1/5 3.80 
1/6 3.80 
5.3 - 
5.1 - 
9 
7 
45 M 4.5 - 
4.3 - 
4.1 - 
3.9 - 
3.7 - 
3.5 
0.10 0.20 0.30 0.40 0.50 0.60 
Phase ratio, AIO 
Fiv, ure 3.16: Effect of aqueous/organic ratio on the stripping process of cerium(III) 
116 
Chapter 3 
3.8 Equitibrium line and construction of McCabe-Thiele diagram for cerium(III) 
strippinp, 
15 ml of the aqueous phase (3M HN03) and loaded solvent were contacted for 5 minutes 
until equilibrium was obtained. The phases were allowed to separate. A measured portion of 
the aqueous phase was taken for analysis; fresh loaded solvent was added to the funnel 
containing the remainder of the aqueous phase, in an amount, to give the same phase ratio as 
that originally used. The phases were again contacted until equilibrium was obtained, and the 
same procedure repeated. This process was camed out until saturation of the aqueous phase 
with cerium. It is clear from Fig. 3.17 that three stages were found sufficient for complete 
recovery of cenum(III). 
10 
9 No 
8- St 
7r --------- 
6 
5 
4 3rd 
3- 2nd 
2- 
r --------------------------- 1 
0 
0 0.5 1 1.5 2 2.5 3 3.5 4 
Aqueous phase, gil 
Figure 3.17: McCabe-Thiele diagram for cerium(III) stripping, from loaded solvent. 
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3.9 Conclusions for licluid-liquid extraction of cerium(III). 
Although the rare earth elements are in great demand as excellent functional materials, it is 
widely recognized that their mutual separation is very difficult because of their similar 
physical and chemical properties. A range of separation technologies (20) can be used to affect 
the transfer of cerium from the aqueous pregnant solution. The most commonly used are 
based on equilibria involving liquid-liquid (solvent extraction) and liquid-solid (ion-exchange 
and chelating resins) systems. The optimum conditions for liquid-liquid extraction of 
cenum(III) from sulfate solution by tri-isooctylamine have been investigated. The 
concentration of TiOA is 0.1 M, contact time 5 minutes which is quite adequate for high 
efficiency of extraction, pH 0.90, the best diluent is chloroforrn, room temperature, IM 
H2SO4 as aqueous phase composition, and by constructed the McCabe-Thiele diagram three 
stages are sufficient for almost complete cenum(III) extraction which approaches to the 
saturation of solvent. 
Scrubbing the loaded solvent can be achieved with distilled water. Also, the suitable 
conditions for stripping of cerium(Ill) are: HN03 is the best stripping reagent, 3M HN03 
concentration gives the highest stripping efficiency, mixing time for stripping 5 minutes, 
aqueous/organic phase ratio 1: 3, by constructing McCabe-Thiele for stripping three stages are 
sufficient for complete recovery of cerium(III). 
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4.1 Brief introduction to lanthanum. 
Lanthanum is a silvery white, metallic element belonging to Group 3 of the periodic 
table and is often considered to be one of the lanthanides. Found in some rare-earth 
minerals usually in combination with cerium and other rare-earth elements, lanthanum 
is malleable, ductile, and soft enough to be cut with a knife. It is one of the most 
reactive of the rare-earth elements. It oxidises rapidly when exposed to air. Cold water 
attacks lanthanum slowly, and hot water attacks it much more rapidly. The metal 
reacts directly with elemental carbon, nitrogen, boron, selenium, silicon, phosphorus, 
sulphur, and with halogens. Lanthanum, one of the most abundant of the lanthanides, 
it is also an important element of mischmetal hydrogen-absorbing alloy. (1) 
4.1.1 Applications 
Uses of lanthanum. include the following: 
Lanthanurn is used in carbon lighting applications, especially by the motion picture 
industry for studio lighting and projection. (2) Lanthanum. oxide improves the alkali 
resistance of glass, and is used in making special optical glasses, such as infrared 
absorbing glass and camera and telescope lenses, because of the high refractive index 
and low dispersion of rare-earth glasses. (3) Small amounts of lanthanum are added to 
steel to improve its malleability, resistance to impact and ductility. Small amounts of 
lanthanum are added to iron, which helps to produce nodular cast iron. Small amounts 
of lanthanum can be added to molybdenum to decrease the hardness of this metal and 
its sensitivity to temperature variations. Mischmetal, a pyrophoric alloy used e. g. in 
lighter flints, and contains 25% to 45% lanthanum. The oxide and the boride are used 
in electronic vacuum tubes. Hydrogen sponge alloys can contain lanthanurn. These 
alloys are capable of storing up to 400 times their own volume of hydrogen gas in a 
reversible adsorption process. Also, lanthanurn used as petroleum cracking catalysts, 
and gas lantern mantles. Finally lanthanum. is used in glass and lapidary polishing 
compound, beside La-Ba used in age dating of rocks and ores. 
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4.1.2 Historv and occurence. 
Lanthanum was discovered in 1839 by C. G. Mosander, when he partially 
decomposed a sample of cerium nitrate by heating and treating the resulting salt with 
dilute nitric acid. From the resulting solution, he isolated a new rare earth element he 
called lantana. Lanthanum was isolated in relatively pure forrn in 1923. The word 
lanthanum comes from the Greek lanthanien, to lie hidden. Monazite (Ce, La, Th, Nd, 
YR04, and bastnaesite (Ce, La, Y)C03F, are the principal ores in which lanthanum 
occurs, in to 25 % and 38 % by weight respectively. (4,5) Lanthanum has no known 
biological role. The element is not absorbed orally, and when injected its elimination 
is very slow. Lanthanurn carbonate is being studied as a compound to absorb excess 
phosphate in cases of end-stage renal failure. Lanthanum chloride (LaC13) IS known 
to have anticoagulant properties. Naturally occurring lanthanum is composed of one 
stable and one radioactive isotope, 139 La, and 138 La respectively with, 139La, being the 
most abundant (99.91% natural abundance). 31 radioisotopes have been characterized 
with the most stable being 138 La with a half-life 1.05 x 1011 years, and 137 La with a 
half-life of 60,000 years. All of the remaining radioactive isotopes have half-lives that 
are less than 24 hours and the majority of these have half lives that are less than I 
minute. 
Lanthanurn has a low to moderate level of toxicity, and should be handled with care. 
In animals, the injection of lanthanum. solutions produces glycohemia, low blood 
pressure, and degeneration of the spleen and hepatic alterations. 
4.1.3 Recent developments in lanthanum extraction chemistry. 
Ramakul and Panchareon (6) studied the synergistic extraction and separation of 
mixtures of lanthanum and neodymium by using a mixture of thenoyltnfluoroacetone 
(HTTA) and trioctylamine (TOA) which are extractants dissolved in benzene as a 
membrane solution. The membrane solution was supported by a microporous 
hydrophobic hollow fibre membrane extractor. The effects of changing the pH of the 
feed solutions, and concentration of HTTA and TOA in the membrane were studied. 
The results reveal that a slight change in the pH of the feed solution has a big effect 
on the percentage of extraction, with the maximum value at pH 2.5. Percentage of 
extraction is increased considerably when TOA is added to HTTA and lanthanum can 
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be extracted and recovered more than neodymium. When the concentration of TOA is 
constant, the percentage of extraction is increased in accordance with an increased 
concentration of HTTA. When the concentration of HTTA is constant, the percentage 
of extraction increases with an increase in TOA concentration, more noticeablýý than 
when increases the concentration of HTTA. However, the increase in extraction ma'. ' 
be due to the increase in viscosity of the membrane. 
Agrawal et al (7) investigated the use of N-phenylbenzo- I 8-crown-6-hvdroxamic 
acids for the separation of lanthanum(Ill) and cerium(IV) from monazite. 
Lanthanum(111) and cenum(IV) are extracted and separated in the presence of 
thorium, uranium and other associated cations at pH 8.8 and 9.5 respectively in 
dichloromethane. Lanthanum(Ill) gives a colourless complex with the reagent which 
is extracted into dichloromethane and has molar absorptivity 6.5 x 103 
L mol-1 cm-1 at 385 nm. Cenum(IV) forms a red complex with the reagent extracted in 
dichloromethane with km,, x 450nm and molar absorptivity of 6.5 x 10 
3L mol-1 cm-1. 
For trace determination the liquors are inserted directly into plasma for ICP 
AES measurements of La(III) and Ce(IV). The complexes of lanthanum(Ill) and 
cenum(IV) are very stable. 
Saleh et al (8) have studied the extraction behaviour of La(III) from acidic nitrate- 
acetato medium by bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272, H2A2) in 
toluene either alone or in combination with trioctylphosphine oxide (TOPO, B) as a 
function of contact time, aqueous phase concentration of La 3+' H+, N03-, and AC 
(acetate), Cyanex 272 and TOPO concentration in the organic phase and temperature. 
The distribution coefficient is found to decrease with increasing La 3+ concentration up 
to 7.34 mM La 3+in the aqueous phase, after which it increases up to 9.79 mM La 3+ 
concentration and again decreases. The distribution coefficient decreases with 
increasing acetate ion concentration at higher acetate ion concentration with and 
without TOPO but is less dependant at low acetate concentrations. The synergistic 
effect of TOPO is found only at higher concentrations. These results suggest that the 
[La(AC)2A. 3HA](. ) and [La(Ac)A,. B](0) species are extracted in the system without 
and with TOPO respectively. 
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Morais and Ciminefli (9) have described the development of a solvent extraction 
process for the recovery of high-grade lanthanurn oxide from light rare earth elements 
(La, Pr, Nd) from chloride solution. In a preliminary stage, process parameters and 
experimental conditions were explored in bench-scale experiments. The effect of 
variables such as nature and concentration of extractants (di-2-ethylhexylphosphonc 
acid [D2EHPA] and 2-ethylhexylphosphonic acid mono-2 -ethyl hex yl ester 
[HEH(EHP)]), contact time, acidity and rare earth concentration in the extraction 
stage as well as the effect of the hydrochloric acid concentration in the stripping stage 
was investigated. The continuous counter-current experiments were carried out in a 
mini-battery unit of mixer-settlers. The final set-up was comprised of 22 stages: 8 for 
extraction, 8 for scrubbing and 6 for stripping. 
Curtui and Haidue (10) investigated the extraction of lanthanum(Ill) and cenum(Ill) 
with dialkyldithiophosphoric acids, into different polar and nonpolar solvents 
(cyclohexane, benzene, CC14, chloroforin, diethylether, dibutylether, n-butanol, and 
cyclohexanone) from aqueous solution containing perchlorate, nitrate, and chloride 
anions. The effect of various factors such as nature of solvent, pH, metal 
concentration, and foreign anions presenting the aqueous phase was investigated in 
order to establish the mechanism of extraction process. The data obtained suggest an 
ion-exchange mechanism. The anions present in the aqueous phase do not participate 
in the extraction process and do not influence significantly the magnitude of the 
extraction ratio either. The extracted species in the organic phase is a 1: 2 complex of 
lanthanide with dialky1dithiophosphonc acid. The extraction efficiency is calculated 
and the possibility of Th-rare earths separation is discussed. 
Noro and Sekine (11) studied the solvent extraction of lanthanum(III), europium(Ill), 
and lutetium(III) in 0.1 mol/drn 3 sodium nitrate solutions with 5,7-dichloro-8- 
quinolinol (HA) into chlorofon-n in the absence and presence of tetrabutyl ammonium 
ions (tba+) or tnoctylphosphine oxide (TOPO). In the absence of tba+ or TOPO, the 
extracted species were the MA3 and MA3HA (self-adduct), though MA4-tba+ was 
found when tba+ was added. MA3TOPO and MA3 (TOPO)2 were found when TOPO 
was added in addition to the above mentioned two species. The anionic complex or 
TOPO greatly enhance the extraction. The data were statistically analyzed and the 
equilibrium constants for the extraction of these species were determined. The 
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extraction of the MA3 IS the order LaA3 < EuA3 < LuA3. Although, the separation of 
these three metal ions by solvent extraction with this chelating extractant is not much 
affected by the addition of TOPO, it is greatly improved by the addition of TBA -, . 
4.2 Results and discussion. 
In order to obtain an efficient and economic separation of lanthanum, it has been 
necessary to study the relevant factors affecting the liquid-liquid extraction process to 
determine the optimum conditions for lanthanum extraction from sulfate liquor. These 
factors include different amine extractants, TiOA concentration, diluent, pH value, 
temperature, contact time and aqueous phase composition. In addition, the synergistic 
effect of using TOPO, D2EHPA and TBP to enhance the extraction of lanthanum has 
been investigated. The stripping process depends on a number of factors, which have 
to be studied to obtain the best stripping efficiency that matches at the same time 
economic considerations. The factors under consideration are effect of different 
reagents (strip solution) such as H2SO4, HN03, and HCl, effect of different reagent 
concentrations and effect of contact time. All these experiments were performed using 
the procedures described in detail in chapter 2. 
4.2.1 Effect of different ani-ine extractants on the distribution coefficient of 
lanthanum. 
Firstly the solvents (extractants) were equilibrated by contacting with 0.5M sulfuric 
acid for 5 minutes. To 5 ml of the sulfate liquor (lanthanum, initial concentration 5.22 
X 10-3 Mol. drn -3) ,5 ml of solutions of 
different extractants (amines) in CC14 were 
added in the same concentration (0.1 M), and the solutions were shaken for 10 minutes 
at room temperature to attain equilibrium state. The optimum extractant is TiOA in 
CCI4 as can be seen from the data reported in Table 4.1 and presented in Fig. 4.1, 
which gives the highest distribution coefficient. 
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Table 4.1: Effect of different amine extractants on the distribution coefficient of 
lanthanum. 
Amine Lanthanum % 
extraction 
Distribution coefficient 
Tri-isooctyl amine (1) 92.80 12.89 
Tri-n-octylamine (2) 90.00 9.00 
Tris(2-aminoethyl)amine (3) 88.00 8.00 
Triethylamine (4) 85.60 5.94 
14 
12 
10 
Distribution 8 
coefficient 6 
4 
2 
0 
1 3 
Amine (extractant) 
4 
Fip, ure 4.1: Effect of different amine extractants on the distribution coefficient of 
lanthanum. 
4.2.1.2 Effect of different concentrations of tri-isooetyl amine in carbon 
tetrachloride on the distribution coefficient of lanthanum. 
Firstly the solvent was equilibrated by contacting it with sulfunc acid solution (pH 
2.5) for 10 minutes. To 10 ml of the sulfate liquor at pH 2.5,10 ml of a solution of 
TiOA inCC14was added with concentrations ranging from 0.02 to 0.1 5M. The 
solution was then shaken for 10 minutes at room temperature to attain equilibrium 
state. The optimum value of a 0.1 M solution of TiOA inCC14was seen from the data 
reported in Table 4.2 and represented in Fig. 4.2, by increasing TiOA concentration 
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the distribution coefficient is increased further increase above 0.1 M T10A there is a 
plateau. 
Table 4.2: Effect of concentration of TiOA on the distribution coefficient of 
lanthanum from sulfuric acid medium. 
jTiOAJ/M Lanthanum % extraction Distribution coefficient 
0.02 88.60 7.77 
0.04 90.40 9.42 
0.06 91.80 11.19 
0.08 92.40 12.16 
0.1 92.80 12.89 
0.15 92.90 13.08 
14 
, 13 
12 
tE 
10 
9 
i5 8 
7 4- 
0.00 
Figure 4.2: The effect of concentration of TiOA on the distribution coefficient of 
lanthanum from sulfuric acid medium. 
4.2.1.3 Effect of eguilibration time on the distribution coefficient of lanthanum. 
The effect of contact time on the attainment of an equilibrium state was studied at 
intervals between 1-30 minutes, while the other factors were kept as previously 
mentioned. The results obtained are given in Table 4.3 and shown in Fig. 4.3. It is 
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obvious that contact time of 5 minutes is quite adequate for efficient lanthanum 
distribution coefficient and by increasing the shaking time the distribution coefficient 
is decreased, and this behaviour was similar to that explained in section 2.9. 
Table 4.3: Effect of contact time on the distribution coefficient of lanthanum. 
Time/minutes Lanthanum % extraction Distribution coefficient 
1 88.80 7.93 
5 93.00 13.29 
10 92.80 12.89 
15 91.60 10.90 
20 90.20 9.20 
30 89.00 8.09 
14 
1 
E 
aE 
35 
Figure 4.3: The effect of contact time on the distribution coefficient of 
4.2.1.4 Effect of pH on the distribution coefficient of lanthanum. 
The distribution coefficient has been studied by varying the pH values of the sulfate 
liquor from 0.7 to 5.9, using either sulfuric acid or sodium hydroxide. Other factors 
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were fixed at 1: 1 (v/v) organic to aqueous phase ratio, 0.1 M TiOA in carbon 
tetrachloride, contact time 5 minutes and the experiments were carried out at room 
temperature. The results obtained are given in Table 4.4 and shown in Fig. 4.4. It is 
clear that the pH 1.1 of the sulfate liquor can be taken as an optimum pH value. 
Fortunately, that is the same pH of the parent sulfate liquor under examination. The 
reason for the decrease in lanthanum distribution coefficient was illustrated in 
section 2.10. 
Table 4.4: Effect of pH on the distribution coefficient of lanthanum. 
pH Lanthanum % extraction Distribution coefficient 
0.70 90.00 9.00 
0.80 91.60 10.90 
1.10 93.20 13.71 
1.82 92.60 12.51 
2.00 92.20 11.82 
2.50 91.00 10.11 
3.10 90.80 9.87 
3.90 90.60 9.64 
5.90 90.60 9.64 
15 
14 
13 
12 
10 
a 
8 
0123456 
pH 
FiL, ure 4.4: Effect of pH on the distribution coefficient of lanthanum. 
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4.2.1.5 Effect of temperature on the distribution coefficient of lanthanum. 
For studying the effect of temperature on the distribution coefficient and extraction 
percent, experiments were carried out in oil bath using an electric thennostat, the 
temperature of which was regulated from 20-60T. The following factors were kept 
constant at 1: 1 (v/v) organic to aqueous phase ratio, pH 1.1, a contact time of 5 
minutes, carbon tetrachloride as diluent and 0.1 M TiOA. From the obtained results 
(Table 4.5 and Fig. 4.5) it is clear that room temperature can be considered as the best 
temperature for lanthanum. distribution coefficient. It is obvious from the data 
obtained, that distribution coefficient decreases with increasing temperature. This 
means that the extraction of lanthanum is exothermic. This behaviour is similar to that 
reported by previous investigators. 
(12,13) 
Table 4.5: Effect of temperature on the distribution coefficient of lanthanum.. 
Temperature, IC Lanthanum % 
extraction 
Distribution coefficient 
20 93.20 13.71 
25 92.80 12.89 
32 92.00 11.50 
38 91.00 10.11 
45 90.00 9.00 
52 89.00 8.09 
60 88.00 7.30 
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Fip, ure 4.5: Effect of temperature on the distribution coefficient of lanthanum., 
4.2.1.6 Effect of diluent on the distribution coefficient of lanthanum. 
The distribution coefficient of lanthanum has been studied using different organic 
diluents, namely chloroform, carbon tetrachloride, toluene, benzene, o-xylene, 
dichloromethane, and kerosene. The other factors were fixed at the values at which 
maximum distribution coefficient occurred i. e. 1: 1 (v/v) organic to aqueous phase 
ratio, room temperature, 0.1 M tri-isooctylamine in all diluents, and a contact time of 
5 minutes. Results are presented in Table 4.6. It is obvious that although benzene and 
toluene have dielectric constant of the same order of magnitude as that of carbon 
tetrachloride, both are less efficient at extraction of lanthanurn. This is probably due 
to the lower solubility of the extracted species in these diluents as compared with 
carbon tetrachloride. This is probably a function of the different intermolecular 
diluent: diluent and solvent: diluent interactions that occur in aromatic and non- 
aromatic diluents. It is clear from Table 4.6 and Fig. 4.6 that carbon tetrachloride is the 
best diluent. 
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Table 4.6: Effect of diluent on the distribution coefficient of lanthanum, 
Diluents Lanthanum % 
extraction 
Distribution coefficient 
Chloroform (1) 92.80 12.89 
Carbon tetrachloride (2) 93.00 13.29 
Toluene (3) 92.00 11.50 
Benzene (4) 91.00 10.11 
O-xylene (5) 91.40 10.63 
Dichloromethane (6) 90.80 9.87 
Kerosene (7) 90.00 9.00 
14 
12 
10 
Distribution 8 
coefficient 6 
4 
2 
0 
Fip-ure 4.6: Effect of diluent on the distribution coefficient of lanthanum.. 
4.2.1.7 Distribution coefficients of lanthanum as a function of aqueous H2S04 
concentration. 
Fig. 4.7 shows the effect of concentration of H2SO4 on the distribution coefficients of 
lanthanum in the two phases. The distribution coefficient of lanthanum increases as 
the concentration of H2SO4 increases from 0.5-2. OM, but then decreases as the acid 
concentration is increased further. The reason for this high-concentration decrease is 
unknown. However, the best concentration of H2SO4 to use for lanthanum highest 
distribution coefficient is clearly 2M. Other factors in this expenment were fixed at 
133 
2345 
Diluents 
Chapter 4 
1: 1 v/v organic to aqueous phase ratio, 0.1 M TiOA in carbon tetrachloride, mixing 
time 5 minutes and the experiments were carried out at room temperature. The results 
obtained are given in Table 4.7 and Fig. 4.7. 
Table 4.7: Effect of sulfuric acid concentration on the distribution coefficient of 
lanthanum. 
IH2SO41/M Lanthanum % extraction Distribution coefficient 
0.5 92.60 12.51 
1 93.00 13.29 
2 93.20 13.71 
4 92.40 12.16 
6 92.00 11.50 
14 
13.5 
13 
12.5 
12 
0 11.5 
11 
01234567 
[Sulfuric acid]/M 
Fip. ure 4.7: Effect of sulfuric acid concentration on the distribution coefficient of 
lanthanum. 
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4.2.1.8 Effect of TOPO (trioetvl phosphine oxide) on the distribution coefficient 
of lanthanum (syner2istic effect). 
A stock solution of TOPO (0.1 M in carbon tetrachloride) was added to 0.1 M 
TiOA/carbon tetrachloride in differing amounts. Table 4.8 and Fig. 4.8 show that by 
increasing the percentage of TOPO, there is an increase in the distribution coefficient 
of lanthanum, indicating that TOPO is a synergistic enhancer in the extraction of 
lanthanum, until 40 % volume of TOPO solution has been added. After this the 
distribution coefficient of lanthanum decreases, probably due to complex formation 
between TiOA and TOPO being more favourable than complexation with 
lanthanum. (14) 
Table 4.8: Effect of TOPO concentration on the distribution coefficient of 
lanthanum (s-vnerp-istic effect). 
% TOPO by 
volume 
% Extraction Distribution coefficient 
10 92.60 12.56 
20 93.00 13.28 
30 93.40 14.15 
40 93.60 14.63 
50 91.40 10.63 
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Fiv. ure 4.8: Effect of TOPO concentration on the distribution coefficient of 
lanthanum (synergistic effect). 
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4.2.1.9 Effect of D2EHPA (di-2-ethylhexyl phosPhoric acid) on the distribution 
coefficient of lanthanum (svnerp , 
istic effect). 
A stock solution of D2EHPA (0.1 M in carbon tetrachloride) was added to 0.1 M 
TiOA/carbon tetrachloride in different amounts. Table 4.9 and Fig. 4.9 show that by 
increasing the amount of D2EHPA added there is an increase in the distribution 
coefficient of lanthanum. This means that D2EHPA is a synergistic enhancer in the 
extraction of lanthanum. Little is known of the formation of mixed complexes in 
amine extraction systems. Some evidence suggests that the synergistic extraction of 
uranium (15,16) occurs with mixtures of tri-n-octylamine and D2EHPA from high 
concentrations of sulfate. In addition to forming the amine organophosphate salt, the 
phosphate species also coordinates to the metal and enhances the distribution 
coefficient. 
Table 4.9: Effect of D2EHPA concentration on the distribution coefficient of 
lanthanum (svnerpistic effect). 
% D2EHPA by 
volume 
% Extraction Distribution coefficient 
10 93.00 13.28 
20 93.60 14.63 
30 94.00 15.66 
40 94.40 16.85 
50 94.6 17.52 
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Figure 4.9: Effect of D2EHPA concentration on the distribution coefficient of 
lanthanum (synerizistic effect). 
4.2.1.10 Effect of TBP (tributyl phosphate) on the distribution coefficient of 
lanthanum (synerp_istic effect). 
A stock solution of TBP (0.1 M in carbon tetrachloride) was added to 0.1 M 
TiOA/carbon tetrachloride in diffenng amounts. Table 4.10 and Fig. 4.10 show that 
upon increasing the percentage of TBP up to 20 % there is an increase in the 
distribution coefficient of lanthanum, followed by a decrease at higher concentration. 
This may be because the reaction between extractants might be more favourable than 
complexation with the lanthanum. (17,18) 
Table 4.10: Effect of TBP concentration on the distribution coefficient of 
lanthanum (syner2istic effect). 
TBP % by volume Lanthanum % 
extraction 
Distribution coefficient 
10 94.20 16.24 
20 95.00 19.00 
30 94.40 16.86 
40 93.80 15.13 
50 93.70 14.87 
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Figure 4.10: Effect of TBP concentration on the distribution coefficient of 
lanthanum (synerp-istic effect). 
4.2.2 Scrubbing the loaded solvent (lanthanum). 
Washing of the organic phase (loaded solvent) containing lanthanum is carried out 
several times with deionised water to remove any possible impurities. After this 
process the organic phase is transferred into a third stage, called the re-extraction step 
or stnpping. 
4.2.3 Strippinp- of lanthanum. 
The general procedure for stripping lanthanum in our experiments was as follows: the 
loaded solvent was contacted with a suitable acid or base strip solution, at an 
appropriate phase ratio, until equilibrium was attained. The aqueous phase was then 
removed and analysed for lanthanum. The stripping process depends on a number of 
factors, which have to be studied in order to obtain the best stripping efficiency that 
matches at the same time with economic considerations. The factors under 
consideration were: the effect of different reagents in the strip solution, the effect of 
reagent concentration, the contact time and the organic/aqueous phase ratio. 
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4.2.3.1 Effect of sulfuric acid concentrations on the stripping of lanthanum. 
A series of stripping experiments were carried out using H2SO4 solutions with 
concentration ranging from 0.5M to 9M. The obtained results are given in Table 4.11 
and shown in Fig. 4.11. It is clear from the results that stripping by 6M H2SO4 gives 
the best lanthanum re-extraction percent, while the contact time of 10 minutes, phase 
ratio 1: 1 organic/aqueous, and room temperature were kept constant. 
Table 4.11: Effect of sulfuric acid concentration on the strippinp_ efficiency o 
I--. &L. --- 
IH2SO41/M Lanthanum % stripping 
0.5 12.56 
1 21.80 
3 43.22 
6 75.61 
9 66.32 
80 
E 70 
60 
50 
M 
4- o 40 
30 EL 
CL 
20 
, %-o lo 
0 
02468 10 
[Sulfuric acid]/M 
Figure 4.11: Effect of sulfuric acid concentration on the strippinp, of lanthanum. 
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4.2.3.2 Effect of different nitric acid concentrations on the strippinv_ of 
A series of stripping experiments were carried out using HN03 solutions ýý'Ith 
concentration ranging from 0.5M to 9M. The obtained results are given in Table 4.12 
and shown in Fig. 4.12. It is clear from the results that the stripping of lanthanum by 
HN03 increased with increasing the concentration of HN03, while the contact time of 
10 minutes, with phase ratio 1: 1 organic/aqueous, and room temperature were kept 
constant. 
Table 4.12: Effect of nitric acid concentration on the stripping efficiency o 
lanthanum. 
[HN0311M Lanthanum % stripping 
0.5 3.08 
1 6.05 
3 11.52 
6 13.63 
9 15.27 
18 
16 
14 
12 
10 
0 
8 
6 CL 
.r 
to 4 
1 .R2 
0 
Figure 4.12: Effect of nitric acid concentration on the strippinp, of lanthanum. 
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4.2.3.3 Effect of different HCI concentrations on the strippinp_ of lanthanum. 
A series of stripping experiments were carried out using HCl solution of concentration 
ranging from 0.5M to 9M. The obtained results are given in Table 4.13 and shown in 
Fig. 4.13. It is clear from the results that stripping by IM HCI gives the best 
lanthanum re-extraction percent, while the contact time of 10 minutes, phase ratio 1: 1 
organic/aqueous, and room temperature were kept constant. 
Table 4.13: Effect of HCI concentration on the strippinp, efficiency of 
lanthanum. 
[HCII/M Lanthanum % stripping 
0.5 4.22 
1 17.43 
3 15.49 
6 12.35 
9 9.66 
20 
E 18 - 
16- 
14- 
C 
'0 12 - %6- 
0 10- 
8- 
CL 
CL 6 
4 
U) 
C-11C, 
2 
0 
02468 10 
[Hydrochloric acid]/M 
Fip, ure 4.13: Effect of HCI concentration on the stripping, of lanthanum. 
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By comparing the effect of the three different acids on the stripping of lanthanum, 
(Fig. 4.14) it is clear that 6M H2SO4gives the highest recovery of lanthanum and this 
will be used in further experiments. 
80 
E 70 - 
H, SO, 60 - 
2S04 
50 - 
0 40 - m 
c0- 3 HCI 
20 -3 
U) 10 - 
0 
02468 10 
[AcidyM 
Fiv, ure 4.14: Effect of different acids (H2SO4., HN03, and HCI) on the strippinp_ of 
lainth-Airikivir" 
4.2.3.4 Effect of equilibration time on the strippinp, of lanthanuniL 
The effect of equilibration time on the attainment of an equilibrium state has been 
studied at the time interval I to 30 minutes, while the other factors were kept at 6M 
1-12S04i 1: 1 (v/v) aqueous to organic phase ratio and room temperature. The results 
obtained are given in Table 4.14 and shown in Fig. 4.15. It is obvious that a contact 
time of 5 minutes is sufficient for lanthanum stripping from loaded solvent. Indeed, at 
higher contact times stripping decreases, and this behaviour is similar to that 
explained in section 3.6. 
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'Fable 4.14: Effect of equilibration time on the strippinp, of lanthanum. 
Time/minutes Lanthanum % stripping 
1 70.18 
5 75.82 
10 66.04 
20 54.23 
30 53.44 
80 
E 75 - 
70- 
65 - 0 
m 
r 
60- 
CL 
CL 55 - 
50- 
45 
05 10 15 20 25 30 35 
Timelminutes 
Fip_ure 4.15: Effect of mixinll time on the strippinp, efriciency of lanthanum. 
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4.2.4 Conclusions 
A study of the liquid-liquid extraction of lanthanum using different amines such as tn- 
isooctylamine, tn-n-octylamine, tri s(2-amin o ethyl) amIne, and tnethylamine has been 
described. The experiments indicate that tri-isooctylamine (TiOA) gives the highest 
distribution coefficient efficiency. The optimum conditions for solvent extraction of 
lanthanum from sulfate solution by using (TiOA) dissolved in carbon tetrachloride 
have been investigated. The optimum conditions are: concentration of TiOA 0.1 M, 
contact time 5 minutes, pH 1.1, the best diluent is carbon tetrachloride, room 
temperature, and 2M F12SO4 as an aqueous composition. Also, there is synergistic 
effect when using D2EHPA, which is useful in the separation of lanthanum from light 
rare earth elements. Scrubbing the loaded solvent can be achieved with distilled water. 
The optimum conditions for the stripping of lanthanurn are: 6M H2SO4 and contact 
time 5 minutes. 
The separation of rare earth elements into individual elements is very difficult to 
achieve, due to the very low separation factors involving the adjacent rare earth 
elements. The liquid-liquid extraction of lanthanum was different from that of Cc(lll) 
and Y(111) because there are systematic differences in their basicity, which decreases 
from Lanthanurn to Y(111). (19) So, the acidity of these elements that increases from 
lanthanum to Y(111) is related to a systematic and smooth decrease in ionic radii of 
rare earth elements, known as the lanthanide contraction, which increases with the 
atomic number in the lanthanide series. (4,5) 
By comparison the data of liquid-liquid extraction of lanthanum, Ce(Ill) and Y(Ill), 
the experiments indicate that TiOA gives the highest distribution coefficient at 0.08M, 
0.1 M and 0.1 M for Y(111), Ce(III) and lanthanum respectively. The best diluent is 
carbon tetrachloride for both Y(III) and lanthanum but Ce(Ill) is chloroform. The 
stripping of lanthanum, is carried out by 6M H2SO4 while I OM H2SO4 is the optimum 
concentration for Y(111) stripping. Also, 3M HN03 is the best stripping agent 
concentration for Ce(Ill). However, they are all similar in equilibration time that 5 
minutes is quite adequate for highest extraction and room temperature is suitable and 
economic for the process of solvent extraction. Attempts to use these differences to 
separate mixtures of these elements are described in subsequent chapters. 
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Chapter Five 
Liquid-liquid extraction of binary and ternary element systems 
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5.1 Introduction. 
The separation of the rare earth elements poses one of the most difficult problems in 
inorganic chemistry. Due to the great similarity of their chemical properties, the 
methods available are generally not very selective. In a few cases, much better 
separation can be achieved by conversion to another oxidation state of adequate 
stability (Ce 3+ -> Ce 
4+ 
, 
Eu 3+ -> EU2) .A 
further difficulty is presented by the 
unfavourable distribution of concentrations of individual rare earth metals in the 
common minerals. The method of separation must therefore be selected to suit the 
existing ratios. The first step is a preliminary separation into groups of elements that 
resemble each other very closely. 
5.1.1 Principles of Separation. (" 
Two principal types of process are used for the extraction of rare earth elements. 
Solid-liquid systems use fractional precipitation or crystallization, or ion exchange. 
Ion exchange processes are used in the production of small quantities of higher value 
heavy rare earth elements. Second, liquid-liquid systems using solvent extraction. 
This process is the most commonly used commercial process for the extraction of rare 
earth elements. 
The distribution of two rare earth elements REA and REB between the two phases is 
given by the equilibrium constants KA and KB: 
KA = 
[REA 
and 
KB '= 
[REB 
[REA [REB 
where [RE] and [RE] represent the concentrations in the aqueous and non-aqueous 
phase, respectively. The selectivity of this separation system is given by the 
separation factor (X REv /REA where 
RER 
/ 
PEA = KBIKA (2) 
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More correctly, activities should be used instead of concentrations. In practice, 
apparent equilibrium constants based on concentrations are adequate because work is 
carried out at low concentration. In the following discussion, these apparent constants 
are used throughout. The processes of fractional crystallization or fractional 
precipitation are now mainly having historic interest only. The separation factor 
corresponds to the solubility ratio of the two rare earth elements in the aqueous phase. 
In the case of ion exchange or liquid-liquid extraction, the ratio of the distribution 
coefficients is a measure of the different affinities of the rare earth metals for the two 
phases. 
For the trivalent ions of neighbouring rare earth elements, the separation factor is low 
for all methods. For precipitation or crystallization, (x = 1.1 to 5; for separation by ion 
exchange with addition of complexing agents, (x = 1.1 to 10; and for liquid-liquid 
extraction, a=1.1 to 5. For an effective separation, many repetitions of a single 
separation operation are necessary, which can be carried out batch-wise or 
continuously. With ion exchange separation, although the establishment of 
equilibrium is continually repeated, the overall process is discontinuous, since 
continuous feeding is not possible. However, it has the advantage that several rare 
earth elements can be separated at the same time. 
A fully continuous liquid-liquid extraction process in counter current flow with 
partial recycle enables separation to be achieved into two groups or two individual 
rare earth elements of high purity. The production of three pure rare earth elements 
requires two batteries of separation equipment. This limitation is, however, 
compensated for by the advantage of continuous operation. A further characteristic of 
a separation process is the size of the apparatus required. This depends on the 
concentration of the rare earth elements in the two phases. Cationic ion exchangers 
have a high capacity (ca. 150 g REO/L), but elution in the presence of complexing 
agents requires very dilute solutions (ca. 5-10 g REO/L). These separation plants are 
therefore very bulky. In the liquid-liquid extraction process, the capacity of the 
solvent can be very high (170-90 g REO/L), and it is therefore often possible to work 
with aqueous solutions with concentrations of 100-140 g REO/L, i. e., approaching 
saturation. The equipment is therefore compact. 
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5.1.2 Separation by Classical Methods. (24) 
5.1.2.1 Fractional Crystallization. (') 
Fractional crystallization was the first process for separating the rare earth elements, 
both in the laboratory and on an industrial scale. It is no longer of importance. 
The purification effect decreases with increasing purity of the crystals, so the final 
purity achievable by this method is therefore limited. Also, many intermediate 
fractions are produced that must be reprocessed. In general, this process is more 
problematic for the yttriurn earths than the cerium earths (yttnum and cerium earths 
are described previously in chapter (3) and reported in Table 3.1). The cerium earths 
were therefore separated by fractional crystallization and the yttrium earths by ion 
exchange. The cerium earths were converted to nitrates after oxidation of the cerium 
to the tetravalent state, and the double nitrates NH4NO3-RE(NO3)3-4H20were 
crystallized. Pechiney Saint Gobain produced 99.9 % pure lanthanum in five 
crystallization stages, this salt being the most soluble. Yttrium was first precipitated as 
its dichromate and then purified by ion exchange. 
5.1.2.2 Separations Based on Oxidation State Chanj! es. 
Cerium(IV) or europium(II) can be economically separated from the other rare earth 
metals by precipitation, ion exchange, or liquid-liquid extraction. Cerium can be 
oxidized by oxidizing agents such as hypochlorite, hydrogen peroxide, atmospheric 
oxygen, or electrolytically at a suitable pH, precipitating it as cenum(IV) oxide 
hydrate. By adding chlorine and sodium hydroxide solution to a solution of cerium 
earth chlorides, cerium(IV) oxide hydrate is precipitated. This can be converted to a 
90 % pure cerium oxide that is suitable for use as a polishing material. The separation 
of tetravalent cerium from the trivalent rare earth elements by liquid-liquid extraction 
is described in previous works. (5-7) 
Divalent europium has properties similar to those of the alkaline earths, especially 
strontium (insoluble sulfate, soluble hydroxide, etc. ). The rare earth metals are usually 
rcduced in hydrochloric acid solution by zinc amalgam or sodium amalgam. The 
subsequent precipitation of europium sulfate from the very dilute solution can be 
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improved by co precipitation of strontium or barium sulfate. The europium can be 
further purified by precipitating trivalent elements as their hydroxides using ammonia. 
Under these conditions, Eu 2+ remains in solution. (8) The separation of di,,, -alent 
europium from the trivalent rare earth elements by liquid-liquid extraction is 
described. The main problem in separating europiurn is its low content in the ores 
compared with the other rare earth metals. The classical minerals such as bastnaesite 
contain only 0.12 % EU203 based on total REO content. Therefore a strongly enriched 
solution must first be prepared, from which the europium can be precipitated as its 
sulfate after first converting it to the divalent state. The process used by Molycorp, 
Inc. is shown in Fig. 5.1. (9) The extraction consists of two consecutive cycles with 
several separation units operating with DEHPA. These concentrate the europium by a 
factor of 100 before it is precipitated. 
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Figure 5.1: Molycorp process for the production of europium oxide. 
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5.1.3 Separation by Ion Exchanpe. 
This process is based on work carried out on the separation of rare earth elements 
produced by uranium fission, and formed part of the Manhattan Project (1943 - 
1947). The principles of separation by elution were developed by Boyed and co- 
workers in the Oak Ridge National Laboratory. (1) The Ames Laboratory, loýN, a State 
University, under the leadership of Spedding, investigated the production of rare earth 
metals on a large scale by displacement elution. Spedding and Powell have provided 
review of the developments up to 1950. (10"') Attempts to develop ion exchange 
column chromatography into a continuous process were realized with the 
development of the continuous annular chromatograph (CAC) by researchers at Oak 
Ridge Laboratory in the mid 1970s. However, the process was designed for analytical 
requirements with low loading of the columns and was therefore not commercialized. 
(12-14) A more recent development, known as continuous displacement 
chromatography (CDC), (15) shows greater promise for surpassing present industrial, 
batch, and fixed-column displacement ion exchange processes. 
5.1.3.1 Ion Exchange with Chelating Agents. 
Sulfonated polystyrene ion exchange resins, which possess high chemical stability, 
can combine with 0.5 - 0.8 mol of rare earth elements per I mol resin. However, 
differences in the affinities of the rare earth elements for the resin are very small, and 
the separation factor for two neighbouring rare earth elements is only ca. 1.08. (16) 
However, this can be considerably improved by the addition of chelating agents. 
The separation factor FRE, /RE, for two rare earth elements REAand REBbetween an 
aqueous solution and the cation exchanger (concentrations marked with a bar) is 
[RE 3+] 
RP'13/kl"A 
[RE 3+] B (3) 
On the addition of a chelating agent L, the equilibrium constants in solution are given 
by: 
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KA ý- - 
[REAL] KB 
[REBL] 
, 
[RE, L]. [L] [REBL]. [L] 
(4) 
The constants depend on conditions in the medium, especially the pH of the aqueous 
phase. For large values of KB and KA and an excess of chelating agent (the 
concentration of the unchelated rare earth metals then being negligible), a new 
separation factor 
1-IR"Ej3/REA 
can be defined: 
FýE 11/rtEA ýý F- KA (5) 
Separation can therefore be much improved by using a chelating agent whose 
equilibrium constants KA and KB are very different from each other. Certain 
carboxylic acids form 1: 1 chelates over a large pH range with K values that differ 
considerably for neighbouring rare earth elements and which are sufficiently soluble 
in water. Citric acid is only of historical interest; it was used in the Ames Laboratory 
to prepare rare earth oxides in kilogram quantities with a purity of 99.9 % in 1947. 
Later, polycarboxylic acids were replaced by aminocarboxylic acids, which fonn 
chelates with considerably improved stability, selectivity, and solubility. Fig. 5.2 
shows the K values as a function of the atomic numbers of the rare earth elements. 
They vary between 10 10 and 10 20 . The selectivity FL also vanes widely, and can have 
values of between I and 10 for neighbouring elements. For ethyl enedi aminetetraaceti c 
acid (EDTA) and 1,2-diaminocyclohexanetetraacetic acid (DCTA), the selectivity for 
the cenum earths is much higher than for the yttriurn earths. The position of yttrium 
(dashed lines) varies with the chelating agent over a range from Pr to Dy. 
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Rare Earth Elements 
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Figure 5.2: Stability constants K of selected rare earth chelates. 
--- Position of yttrium. 
The disadvantage of using chelates is their lower solubility. The most soluble chelates 
such as N-(hydroxyethyl)ethylenedi aminetri acetic acid (HEDTA) or 
di ethyl enetri aminepentaaceti c acid (DTPA) reach concentrations of ca. (2 - 2.5) x 
10-2 mol/L at 25 'C. 
5.1.4 Thermodynamics of liquid-liquid extraction. 
Triangular diagrams (Fig. 5.3) are used for representing three component systems. 
Every possible composition of the ternary mixture corresponds to a point in the 
diagram. Each comer of the triangle represents a pure component and its designated is 
marked at this comer, on the side opposite to this comer the mass fraction of this 
component is zero. The sides of the triangle represent the corresponding two- 
component systems. The proportions of the individual components in a mixture are 
obtained as follows: the mass fraction of each component is given by lines parallel to 
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the side opposite to the comer which represents the pure component, from 0 kg, kg at 
this opposite side to I kg/kg at the comer. The numbering can be placed at the edges of 
the triangles in which case it is advisable to extend the lines. The numbers can also be 
inserted in the middle of the lines. The point P has the composition 0.5 kg/kg C, 0.2 
kg/kg A, and 0.3 kg/kg B. 
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--*-Mass fraction of A 
Figure 5.3: Triangular diagram for representation of a three-component 
system, (1) 
The following rules apply in the triangular diagram: if component C is added to a 
mixture of 0.8 kg/kg A and 0.2 kg/kg B represented by the point D, then the 
composition of the new mixture follows the path of the straight line DC, on this 
straight line, and on all straight lines which pass through a comer, the ratio between 
the two other components that do not form the comer is constant. 
If a mixture of composition U and one of composition V are combined then the 
resulting mixture lies on the straight connecting line UV. The concentration data 
obtained from the triangular diagram (e. g., point G: 0.6 kg/kg C, 0.08 kg/kg B, 0.32 
kg/kg A; B: A=1: 4) apply to the total quantity of resulting mixture regardless of 
whether it is homogeneous or separated into several phases, as every point in a 
triangular corresponds to a composition there is no coordinate free for another 
reference variable. It is only possible to plot parameters such as lines of equal density, 
boiling points or other physical data, lines of equal activity coefficients or lines of 
phase boundaries. Only ternary systems with miscibility gaps are suitable for 
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extractions, and the boundary line between the liquid single-phase region(s) and the 
two phase region is particular important. This boundary line is called the "binodal 
curve" (Fig. 5.4). 
A) Phase equilibria; B) Mass fractions 
C 
Raffinate Extract 
or x-phase or y-phase 
Kp Binodal curve 
I 
'fine 
e 
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""; '0 '1 Auxiliary line 
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f -* 
'I 
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Figure 5.4: Definitions of phase equilibria and mass fractions in a trianp_ular 
diallram. (1) 
C 
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5.2 Results and discussion. 
5.2.1 Liquid-liquid extraction of binary element systems. 
In order to obtain an efficient and economic separation of yttrium from lanthanum as 
binary mixtures, it has been necessary to study the relevant factors affecting the 
liquid-liquid extraction process to determine the optimum conditions for this 
separartion from sulfate liquor. These factors include pH and D2EHPA concentration. 
Scrubbing using different concentrations of HN03, H2SO4, and HCl and in addition, 
the synergistic effect of using primene JMT/D2EHPA and primene JMT/TiOA to 
enhance the separation of yttrium from lanthanum, have been investigated along with 
use of the water-soluble complexing agent EDTA to enhance the separation. The 
stripping process depends on a number of factors, which have to be studied to obtain 
the best stripping efficiency that matches at the same time economic considerations. 
The factors under consideration are the effects of different reagents (strip solutions) 
such as H2SO4, HN03, and HCI, and the effect of different reagent concentrations. 
5.2.1.1 The effect of pH on the extraction of Y/La from 1M H2SO4- 
The extraction process has been studied by varying the pH values of the sulfate liquor 
(Y/La each element initial concentration 5.22 x 10-3 Mol. dM-3) from 0.44 to 6.00, 
using either sulfuric acid or sodium hydroxide. Other factors were fixed at 1: 1 (v/v) 
organic to aqueous phase ratio, 0.1 M TiOA in carbon tetrachloride, contact time 10 
minutes and the experiments were carried out at room temperature. The results 
obtained are given in Table 5.1 and shown in Fig. 5.5. It is clear that at lower pH (1.6) 
of the sulfate liquor, the separation of yttrium from lanthanum can be maximised. This 
indicates the possbility of separating heavy lanthanides (yttrium) from lanthanum. 
(light lanthanides). (17) This increase on percent extraction with increasing atomic 
number of lanthanum to yttrium was also reported by Koopman et al (18) for the 
extraction of lanthanides with di(2-ethylhexyl)phosphoric acid from phosphoric acid 
solution. The increased affinity for extraction across the lanthanide series reflects their 
decreasing ionic radii from 1.06 A for La and 0.88 A for Y. (19) 
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Table 5.1: Effect of different pH on the extraction of Y/La. 
pH % Ey Dy % ELa DLa 
0.44 94.80 18.23 87.80 7.19 
0.90 95.20 19.83 88.40 7.62 
1.20 95.60 21.73 88.70 7.85 
1.60 96.00 24.00 89.. 00 8.09 
2.60 96.40 26.78 89.20 8.26 
3.40 97.00 32.33 94.00 15.67 
4.60 97.20 34.71 94.60 17.52 
6.00 97.30 36.04 94.80 18.23 
98 
y 
ý: 96 - -4ýý 
La 
94 - 
92 - 
90 - 
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CL 
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Figure 5.5: Effect of pH on the extraction of Y/La. 
5.2.1.2 Effect of different concentrations of D2EHPA/CC14 on the extraction of 
Y/La from IM H2SO4. t 
To 10 ml of the sulfate liquor (lanthanum, yttriurn) at pH 4.6,10 ml of a solution of 
D2EHPA in CC14 was added with concentration ranging from 0.05 to 0.5M, and then 
the solution was shaken for 10 minutes at room temperature to attain equilibrium 
state. By increasing the concentration of D2EHPA/CC14 the percent extraction of both 
elements increases in parallel. For economic reasons the optimum value of a 
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0.5M solution of D2EHPA in CC14 Was chosen from the data reported in Table 5.2 
and represented in Fig. 5.6. 
Table 5.2: Effect of D2EHPA/CC14 concentration on the extraction of Y/La. 
ID2EHPAI/M % Ey Dy % ELa DLa 
0.05 96.60 28.41 95.00 19.00 
0.1 97.20 34.71 95.40 20.74 
0.2 97.60 40.66 95.80 22.81 
0.3 98.00 49.00 96.20 25.32 
0.5 98.40 61.50 96.60 28.41 
99.0 
98.5 
98.0 
97.5 
97.0 
96.5 
96.0 
95.5 
95.0 
94.5 
Y 
101, _-4m La 
0 0.1 0.2 0.3 0.4 0.5 0.6 
[D2EHPA]/M 
Figure 5.6: Effect of D2EHPA/CC14 concentration on the extraction of Y/La. 
5.2.1.3 Effect of different HN03 concentrations on the scrubbing of YlLa. 
A series of scrubbing experiments were carried out, using HN03 solutions of 
concentration ranging fTom 0.1 M to I M, while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, 0.1 M TiOA in carbon tetrachloride and room 
temperature. The obtained results are given in Table 5.3 and shown in Fig. 5.7. It is 
clear from the results that scrubbing efficiency by HN03 increased with increasing the 
concentration of HN03 up to OAM, and then decreased. The optimum concentration 
of HN03 for scrubbing can therefore be taken as OAM. 
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Table 5.3: Effect of HN03 concentration on the scrubbing of Y/La. 
[HN03]/M Y% scrubbing La % scrubbing 
0.1 45.00 52.26 
0.2 50.52 57.45 
0.3 55.00 62.50 
0.4 85.00 98.45 
1.0 66.00 74.32 
110 
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40 
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Fip_ure 5.7: Effect of HN03 concentration on the scrubbing of Y/La. 
5.2.1.4 Effect of different H2SO4 concentrations on the scrubbing of Y/La. 
A series of scrubbing experiments were carried out, using H2SO4 solutions of 
concentration ranging from 0.1 M to I M, while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, 0.1 M TiOA in carbon tetrachloride and room 
temperature. The obtained results are given in Table 5.4 and shown in Fig. 5.8. It is 
clear from the results that scrubbing efficiency by H2SO4 decreased with increasing 
concentration of H2SO4 UP to OAM, and then showed an increase with increasing 
concentration. For separation of the elements a concentration H2SO4 Of 0.1 M IS 
optimum. 
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Table 5.4: Effect of H2SO4 concentration on the scrubbing of Y/La. 
IH2SO41/M Y% scrubbing La % scrubbing 
0.1 39.52 44.72 
0.2 20.52 25.09 
0.3 20 24.06 
0.4 20 23.58 
1.0 39.48 42.31 
50 
45- 
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Figure 5.8: Effect of H2SO4 concentration on the scrubbinp_ of Y/La. 
5.2.1.5 Effect of different HCI concentrations on the scrubbing of Y/La. 
A series of scrubbing experiments were carried out, using HCI solution of 
concentration ranging from 0.1 M to 1 M, while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, 0.1 M TiOA in carbon tetrachloride and room 
temperature. The obtained results are given in Table 5.5 and shown in Fig. 5.9. It is 
clear from the results that scrubbing efficiency by HCI increased by increasing the 
concentration of HCI up to 0.3M then begins to decrease. But 0.3M HCI is the 
optimum for maximum separation. 
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Table 5.5: Effect of HCI concentration on the scrubbing of Y/La. 
IHCII/M Y% scrubbing La % scrubbing 
0.1 65.10 81.60 
0.2 74.90 92.47 
0.3 65.40 93.98 
0.4 41.10 67.60 
1.0 36.00 56.02 
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80 - 
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Figure 5.9: Effect of HCI concentration on the scrubbinp, of Y/La. 
5.2.1.6 Effect of different amounts of primene JMT added to D2EHPA on 
enhancement of the separation factors of Y/La- 
A stock solution of 0.5M primene JMT (a primary amine) in carbon tetrachloride was 
added to 0.5M D2EHPA/carbon tetrachloride in different amounts. Table 5.6 and 
Fig. 5.10 shows that by increasing the percentage of primene JMT there is a decrease 
in the extraction of yttrium/lanthanum. This means that primene JMT gives 
antisynergistic enhancement in the extraction of yttrium/lanthanum. However, by 
increasing the concentration of primene JMT added to D2EHPA, extraction of La 
decreases strongly but Y does not, which means that, the separation factor sharply 
increases. Primene JMT-D2EHPA is the most effective system for the separation of 
yttrium from lanthanum and better than systems containing thenoyltrifluoroacetone 
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(TTA) in combination with neutral (TBP, TOPO) or basic (amines or quaternary 
ammonium salt) extracting agents. (20) 
Table 5.6: Effect of different amount of primene JMT added to D2EHPA on the 
enhancement of the separation factors of Y[La. 
Primene JMT % by 
volume 
Y% extraction La % extraction 
10 98.10 75.95 
20 95.65 46.00 
30 95.00 45.25 
40 94.15 40.60 
100 94.85 35.88 
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Figure 5.10: Effect of different amount of primene JMT added to D2EHPA on 
the enhancement of the separation factors of Y/La. 
5.2.1.7 Effect of different amounts of primene JMT added to TiOA on 
enhancement of the separation factors of Y/La. 
A stock solution of 0.5M primene JMT in carbon tetrachloride was added to 0.1 M 
TiOA/carbon tetrachloride in different amounts. Table 5.7 and Fig. 5.11 show that by 
increasing the percentage of primene JMT there is an increase in the extraction of 
yanumitinthanum, reaching complete recovery in 30 % and 40 %. This means that 
primene JMT is promising a synergistic enhancement in the extraction of 
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yttnum/lanthanum. However, at this concentration it is not possible to separate the 
two elements. The data show a concentration of 10 % primene JMT gives the best 
separation of the two elements from each other. 
Table 5.7: Effect of different amount of primene JMT added to TiOA on the 
enhancement of the separation factors of YlLa. 
Primene JMT % by 
volume 
Y% extraction La % extraction 
10 86.20 13.28 
20 92.05 50.20 
30 100.00 100.00 
40 100.00 100.00 
50 95.70 83.45 
120 
100 - 
Y 80 - 
60 - 
40- 
20 - La 
0111111 
0 10 20 30 40 50 60 
Primene JMT %by volume 
Figure 5.11: Effect of different amount of primene JMT added to TiOA on the 
enhancement of the separation factors of Y/La. 
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5.2.1.8 Effect of EDTA added to the aclueous phase on enhancement of the 
separation factors of Y/La. 
The relatively low values of separation factor in rare earth element extraction by 
amines may be enhanced by addition of a complexing agent, provided the difference 
in the stability constants for individual REE is sufficiently high. (21) Inczedy (22) in his 
monograph gave comprehensive description of a whole set of REE complex 
compounds as well as their possible utilization in the extraction process. 
A stock solution of 0.0 1M EDTA was prepared and added to the aqueous phase in 
different amounts as a water-soluble masking agent using 0.1 M TiOA/carbon 
tetrachloride as extractant. Table 5.8 and Fig. 5.12 show that by increasing the amount 
of EDTA added there is a small increase in the extraction of yttrium and lanthanum. 
There doesn't seem to be a big increase however, and at low % (5) there is a decrease. 
This means that EDTA provides a promising enhancement in the separation factors of 
yttrium/lanthanum, especially at 5% that gives the highest separation factor. It may 
be concluded that two favorable effects take place during the extraction of La and Y 
by TiOA/CC14 in the presence of EDTA: preferential extraction of Y and preferential 
complex formation of La, keeping it in the aqueous phase. Summation of both factors 
should lead to an increase in the separation factor, which has actually been observed 
and can be seen in Fig. 5.12. (21) 
Table 5.8: Effect of EDTA added to an agueous phase on the enhancement of the 
separation factors of Y/La. 
EDTA % by volume Y% extraction La % extraction 
0 94.25 23.85 
5 93.35 15.75 
10 95.00 38.53 
15 95.10 39.95 
20 95.10 40.01 
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Fip_ure 5.12: Effect of EDTA added to an aqueous phase on the enhancement of 
the separation factors of Y/La. 
5.2.1.9 Effect of different sulfuric acid concentrations on the stripping of Y/la. 
A series of stripping experiments were carried out, using H2SO4 solutions of 
concentration ranging from 0.2M to 6M while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, 0.1 M TiOA in carbon tetrachloride and room 
temperature. The obtained results are given in Table 5.9 and shown in Fig. 5.13. It is 
clear from the results that stripping by OAM H2SO4 gives the best Y/La re-extraction 
percent, while the contact time was 10 minutes and phase ratio 1: 1 organic/aqueous, 
room temperature. 
Table 5.9: Effect of sulfuric acid concentration on the stripping of Y/La. 
IH2SO41/M Y% stripping La % stripping 
0.2 17.50 79.76 
0.4 18.50 85.44 
1.0 14.00 62.00 
3.0 10.45 51.86 
6.0 8.50 42.58 
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Fip_ure 5.13: Effect of H2SO4 concentration on the strippinp_ of Y/La. 
5.2.1.10 Effect of different HCI concentrations on the strippinp- of Y/la. 
A series of stripping experiments were carried out, using HCI solutions of 
concentration ranging from 0.1 M to 3 M, while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, 0.1 M TiOA in carbon tetrachloride and room 
temperature. The obtained results are given in Table 5.10 and shown in Fig. 5.14. It is 
clear from the results that stripping by 0.1 M HCI gives the best Y/La re-extraction 
percent. 
Table 5.10: Effect of hydrochloric acid concentration on the stripping of Y/La. 
IHCII/M Y% stripping La % stripping 
0.1 17.5 81.12 
0.2 17.5 74.64 
0.4 13.5 48.68 
1.0 10.0 41.98 
3.0 7.5 30.40 
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Fip_ure 5.14: Effect of HCI concentration on the strippinp, of Y/La. 
5.2.1.11 Effect of different nitric acid concentrations on the strippinv_ of Y/la. 
A series of stripping experiments were carried out, using HN03 solutions of 
concentration ranging from 0.1 M to 3M while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, 0.1 M TiOA in carbon tetrachloride and room 
temperature. The obtained results are given in Table 5.11 and shown in Fig. 5.15. It is 
clear from the results that stripping by 0.2M HN03 gives the best Y/La re-extraction 
percent. 
Table 5.11: Effect of nitric acid concentration on the stripping of Y/La. 
[HN03l/M Y% stripping La % stripping 
0.1 3.00 15.52 
0.2 14.80 65.40 
0.4 14.00 54.88 
1.0 12.50 50.60 
3.0 11.35 42.40 
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Figure 5.15: Effect of RN03 concentration on the strippinp_ of Y/La. 
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5.2.1.12 Conclusions. 
The utilization of solvent extraction in order to obtain an efficient and economic 
separation of yttriurn from lanthanum as binary mixtures has been investigated. The 
optimum conditions for the separation of yttriurn from lanthanum. from sulfate liquor 
using TiOA/CC14 were at pH 1.6. Addition of 0.5M solution of D2EHPA/CC14 
enhances the separation. Suitable conditions for scrubbing of the loaded solvent 
(TiOA/CC14) were OAM HN03,0.1 M H2SO4, and 03M HCL In addition, the 
synergistic effect of using primene JMT/D2EHPA and pnmene JMT/TiOA were 
investigated. Using a water-soluble complexing agent EDTA enhanced the separation 
of yttrium from lanthanurn. The optimum conditions for the stripping of the two 
elements were, OAM H2SO4, O-IM HCI, and 0.2M HN03- 
This part of Chapter 5 gave a new approach about the possible extraction and 
separation of Y from La from sulfuric acid system that is complicated by the presence 
of sul fate-bi sulfate equilibrium. Extraction of lanthanides (111) with 
organophosphorous esters (D2EHPA, TBP, and TOPO), chelating extractant 
thenoyltri f! uoro acetone (HTTA), and benzo- I 5-crown-5 as well as with mixture of 
HTTA and various synergistic agents has been studied by many authors. (23,24) No 
investigations, however have been published for the extraction separation of Y from 
La using primene JMT-D2EHPA/CC14 and primene JMT-TiOA/CC14 systems as new 
synergistic mixtures which is promising. Also, using water complexing agent EDTA 
with TiOA/CC14 enhanced the separation of Y from La and works better than EDTA 
as complexing agent in the system La and Sm nitrates, with NaN03 and HN03 as 
aqueous phase and benzy1dibutylarnine (BDBA) in benzene as organic phase. (22) 
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5.2.2 Licluid-ficluid extraction of ternary element systems. 
5.2.2.1 Results and discussion. 
In order to obtain an efficient and economic separation of Nd-La-Y ternary mixtures, 
it has been necessary to study the relevant factors affecting the liquid-liquid extraction 
process to determine the optimum conditions for this separartion from sulfate liquor. 
These factors include different concentrations of primene JMT, pH, temperature and 
diluents. The stripping process depends on a number of factors, which have to be 
studied to obtain the best stripping efficiency that matches at the same time economic 
considerations. The factors under consideration are effect of different reagents (strip 
solution) such as H2SO4, HN03, HC104, CH3COOH, and HCI, effect of different 
reagent concentrations as acidic stripping. Also, alkaline stripping by NaOH and 
Na2CO3, and different contact times. 
5.2.2.2 Effect of different concentrations of primene JMT (not treated) in carbon 
tetrachloride on the extraction of Nd-La-Y. 
High molecular amines extract metals by ion-pair formation. Cations and anions are 
extracted fTom an aqueous phase into an organic phase and because such extraction is 
energetically very unfavourable, it is necessary to neutralise the ionic charge prior to 
extraction. This neutralisation is achieved either by forming organic-soluble neutral 
complexes between cations and anions in the aqueous phase or by direct reaction 
between the ionic species of interest and an appropriate organic compound to form a 
neutral species soluble in the organic phase. (25) High molecular amines are currently 
finding a wide range of applications in the technologies of production of Zn, U, Co, 
Ni, W, and V. Also there is a possibility to use high-molecular amines like primene 
JMT to separate elements from the group of lanthanides. (26,27) However, there is no 
evidence of an industrial application of primene JMT, all the suggested technologies 
have only been tested in semi commercial scale plants. The primary amine primene 
JMT was tested for the separation of Th form sulfate solutions containing Fe, U, and 
some lanthanides. (28) The objective of these experiments is to test and to see the 
behaviour of primene JMT in extraction of ternary system. Firstly the solvent must be 
equilibrated by contacting it with sulfuric acid solution (pH 4.5) for 10 minutes. To 10 
ml of the sulfate liquor (Nd-La-Y initial concentration of each element 5.22 x 10-3 
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Mol. dm -3 ) at pH 4.5,10 ml of a solution of pnmene JMT in CC14 was added with 
concentration ranging from 0.1 to 0.5M, and then the solution was shaken for 10 
minutes at room temperature to attain equilibrium state. The optimum value of a 0.3M 
solution of primene JMT in CC14 was chosen from the data reported in Table 5.12 and 
represented in Fig. 5.16. 
Table 5.12: Effect of concentration of primene JNIT/carbon tetrachloride on the 
extraction of Nd-La-Y from sulfuric acid medium. 
[Primene JMTj/ 
m 
Y% extraction La % extraction Nd % extraction 
0.1 86.50 66.33 61.55 
0.2 87.00 67.54 63.22 
0.3 89.50 73.60 70.42 
0.4 88.00 69.83 65.33 
0.5 86.00 65.00 62.12 
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Fip, ure 5.16: Extraction percent of Nd-La-Y as a function of primene JMT 
concentration. 
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5.2.2.3 Effect of t)H on the extraction of Nd-La-Y. 
The extraction process has been studied by varying the pH values of the sulfate liquor 
from 0.4 to 4.4, using either sulfuric acid or sodium hydroxide. Other factors were 
fixed at 1: 1 (v/v) organic to aqueous phase ratio, 0.3M primene JMT in carbon 
tetrachloride, contact time 10 minutes and the experiments were carried out at room 
temperature. The results obtained are given in Table 5.13 and shown in Fig. 5.17. It is 
clear that the pH 2 of the sulfate liquor can be taken as an optimum pH value for 
maximum extraction, but not for separation. pH 0.4 is the best for the separation of 
yttrium from lanthanurn and neodymium. The reason for ease of separation of Y from 
La and Nd was attributed by decreasing pH (increasing hydrogen ion concentration) 
the sulfate concentration increased and result in the appearance of free sulfuric acid in 
the system, which can force out the La and Nd from the organic phase due to a 
competition extraction. (29-31) 
Table 5.13: Variation of Nd-La-Y percent extraction with the pH of the sulfate 
liquor. 
pH Y% extraction La % extraction Nd % extraction 
0.4 85.30 0.09 20.00 
1.2 99.15 89.15 86.43 
2.0 99.75 96.50 95.82 
3.0 99.75 96.50 95.85 
4.4 99.75 96.50 95.95 
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Figure 5.17: Extraction percent of Nd-La-Y as a function of pH. 
5.2.2.4 Effect of different temperatures on the extraction of Nd-La-Y from 
sulfate solution. 
For studying the effect of temperature on distribution coefficient and extraction 
percent, expenments were carried out in oil bath using an electnc thermostat, the 
temperature of which was regulated from 25-50'C. The following factors were kept 
constant at 1: 1 (v/v) organic to aqueous phase ratio, pH 2.0, contact time 10 minutes 
and 0.3M solution of primene JMT/carbon tetrachloride. 
From the obtained results shown in Fig. 5.18 it is clear that there is almost no change 
in distribution coefficient with increasing temperature. This means that the extraction 
process is probably diffusion controlled. The phenomenon is similar to that occuri-ing 
with other arnide extractants, (2,3) although this is not clear from the graph as all three 
lines elements overlap. The reason for this different behaviour compared to TiOA 
extractions, which are exothermic, is unknown. 
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Figure 5.18: Extraction percent of Nd-La-Y as a function of temperature. 
5.2.2.5 Effect of different diluents on the extraction of Nd-La-Y. 
The extraction of ternary system components has been studied using different organic 
diluents namely, chloroform (1), carbon tetrachloride (2), toluene (3), benzene (4), o- 
xylene (5), dichloromethane (6), and kerosene (7). The other studied factors were 
fixed at the values at which maximum extraction occurred i. e. 1: 1 (v/v) organic to 
aqueous phase ratio, room temperature, 0.3M primene JMT in all diluents, and contact 
time 10 minutes. Results are presented in Table 5.14 and shown in Fig. 5.19. It is 
obvious that non-aromatic diluents such as carbon tetrachloride, chloroform, and 
dichloromethane give quantitative extraction of yttrium, lanthanum, and neodymium. 
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Table 5.14: Effect of different diluents on the extraction of Nd-La-Y. 
Diluents Y% extraction La % extraction Nd % extraction 
Chloroform (1) 100 100 95.75 
Carbon tetra 
chloride (2) 
100 100 98.66 
Toluene (3) 85.17 71.54 81.53 
Benzene (4) 88.30 74.23 83.42 
0- xylene (5) 87.19 72.32 80.25 
Dichlorometha 
ne (6) 
100 100 98.9 
Kerosene (7) 73.14 69.29 65.32 
100 
80 
y 
60 
40 
20 
0 oo S3 
Extraction, 
234 -- sl % 567 
Diluents 
Fiv, ure 5.19: Extraction percent of Nd-La-Y as a function of diluents. 
5.2.2.6 Acidic stripping: 
5.2.2.6.1 Effect of different concentrations of H2SO4 on the strippinp, of Nd-La-Y 
from 0.3M primene JMT loaded solution. 
A series of stripping experiments were carried out, using H2SO4 solutions of 
concentration ranging from 0.1 M to 3M while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, room temperature. The obtained results are given in 
Table 5.15 and shown in Fig. 5.20. It is clear from the results that stripping by 0.1 M 
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H2SO4gives the best La-Y re-extraction percent, but for Nd the stripping efficiency 
increases with increasing H2SO4 concentration. 
Table 5.15: Effect of sulfuric acid concentration on the stripping of Nd-La-Y. 
[H2SO411M Y% stripping La % stripping Nd % stripping 
0.1 16.40 97.95 35.93 
0.5 7.80 43.29 45.82 
1.0 7.50 41.65 64.45 
2.0 7.20 40.20 73.33 
3.0 6.50 39.20 87.98 
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Fip_ure 5.20: Effect of sulfuric acid concentration on the strippinp_ o 
Nd-La-Y. 
5.2.2.6.2 Effect of different concentrations of HN03 on the strippinp, of Nd-La-Y 
from 0.3M primene JMT loaded solution. 
A series of stripping experiments were carried out using HN03 solutions of 
concentration ranging from 0.1 M to 3M while the contact time was 10 minutes and 
phase ratio 1: 1 organ i c/aqueous, room temperature. The obtained results are given in 
Table 5.16 and shown in Fig. 5.2 1. It is clear from the results that stripping by 0.1 M 
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HN03 gives the best La-Y re-extraction percent but not in comparison with HS04 
that gives a higher stripping efficiency. However IM HN03 gives the highest 
stnpping for Nd. 
Table 5.16: Effect of nitric acid concentration on the stripping, of Nd-La-Y. 
IHN0311M Y% stripping La % stripping Nd % stripping 
0.1 15.95 83.3 44.82 
0.5 13.35 81.81 85.24 
1.0 7.90 46.55 95.77 
2.0 5.85 32.58 72.95 
3.0 4.80 27.04 65.37 
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Figure 5.21: Effect of nitric acid concentration on the strippinp_ of Nd-La-Y. 
5.2.2.6.3 Effect of different concentrations of HCI on the strippinp, of Nd-La-Y 
from 0.3M priniene JMT loaded solution. 
A series of stripping experiments were carried out, using HCI solutions of 
concentration ranging from 0.1 M to 3M while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, room temperature. The obtained results are given in 
Table 5.17 and shown in Fig. 5.22. It is clear from the results that stripping by 0.1 M 
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HCI gives the best La-Y re-extraction percent, but not in comparison with H2SO4, 
which gives highest stripping efficiency. In the case of Nd IM HCI gives the highest 
stripping but is much lower than that achieved with HN03. 
Table 5.17: Effect of hydrochloric acid concentration on the strippin2 of 
Nd-La-Y. 
IHCII/M Y% stripping La % stripping Nd % stripping 
0.1 11.15 64.45 20.49 
0.5 7.50 49.00 45.28 
1.0 6.50 37.90 78.35 
2.0 5.40 31.29 72.95 
3.0 4.85 27.61 70.43 
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Figure 5.22: Effect of hydrochloric acid concentration on the strippinp, of 
Nd-La-Y. 
5.2.2.6.4 Effect of different concentrations of HC104 on the strippinp, of Nd-La-Y 
from 0.3M primene JMT loaded solution. 
A series of stripping experiments were carried out, using HC104 solutions of 
concentration ranging from 0.1 M to 3M while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, room temperature. The obtained results are given in 
Table 5.18 and shown in Fig. 5.23. It is clear from the results that stripping by 0.1 M 
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HC104gives the best La-Y re-extraction percent, but not in comparison with H2S04, 
and that IM HC104gives the highest extraction for Nd, but not compared with HN03- 
Table 5.18: Effect of HC104 concentration on the strippinp, of Nd-La-Y. 
IHC104]/M Y% stripping La % stripping Nd % stripping 
0.1 12.35 65.56 18.35 
0.5 12.15 54.02 42.59 
1 8.30 40.86 76.54 
2 6.90 38.12 71.19 
3 5.95 33.03 71.22 
90 
80 
Nd 70 
60 
50 
40 / 
La 
i 
0 e, 30 
20 
10 Y 
0 
0234 
[HCL04]/M 
Fip_ure 5.23: Effect of HC104 concentration on the strippinp_ of Nd-La-Y. 
5.2.2.6.5 Effect of different concentrations of CH3COOH on the stripping, of Nd- 
La-Y from 0.3M primene JMT loaded solution. 
A series of stripping experiments were carried out, using acetic acid solutions of 
concentration ranging from 0.1 M to 3M while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, room temperature. The obtained results are given in 
Table 5.19 and shown in Fig. 5.24. It is clear from the results that stripping by 
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2M CH3COOH gives the best La re-extraction percent, in companson with HCI, 
HN03, H2SO4, and HC104. In the case of Nd, and Y acetic acid gave lower stripping 
efficiency. 
Table 5.19: Effect of CH3COOH concentration on the strippina of Nd-La-Y. 
ICH3COOHI/M Y% stripping La % stripping Nd % stripping 
0.1 0.50 3.16 4.95 
0.5 1.05 6.08 9.74 
1 2.00 11.66 13.42 
2 16.00 98.25 21.55 
3 16.50 99.22 25.78 
Fip, ure 5.24: Effect of CH3COOH concentration on the strippinp, of Nd-La-Y. 
5.2.2.7 Alkaline strippinp, 
5.2.2.7.1 Effect of different concentrations of NaOH on the stripping, of Nd-La-Y 
from 03M primene JMT loaded solution. 
A senes of stripping experiments were carried out, using NaOH solutions of 
concentration ranging from 0.1 M to IM while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, room temperature. The obtained results are given in 
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Table 5.20 and shown in Fig. 5.25. It is clear from the results that stripping by 0.1 M 
NaOH gives the best Nd-La-Y re-extraction percent. However, in comparison, 
stripping by acidic reagents gave a higher much efficiency stripping. 
Table 5.20: Effect of NaOH concentration on the strippinp, of Nd-La-Y. 
[NaOHI/M Y% stripping La % stripping Nd % stripping 
0.1 9.40 79.23 4.72 
0.3 2.60 15.97 3.89 
0.5 2.00 12.37 2.18 
0.8 1.75 9.80 1.89 
1.0 1.45 9.02 1.77 
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Fip_ure 5.25: Effect of NaOH concentration on the stripping of Nd-La-Y. 
5.2.2.7.2 Effect of different concentrations of Na2CO3 on the stripping of Nd-La- 
Y from 0.3M primene JMT loaded solution. 
A series of stripping experiments were camed out, using Na2CO3 solutions of 
concentration ranging from 0.1 M to IM while the contact time was 10 minutes and 
phase ratio 1: 1 organic/aqueous, room temperature. The obtained results are given in 
Table 5.21 and shown in Fig. 5.26. It is clear from the results that stripping by 0.1 M 
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NaOH gave a higher Nd-La-Y re-extraction percent than IM NaC03, but not in 
comparison to acidic stnpping which gave the highest stripping efficiency. 
Table 5.21: Effect of Na2COI concentration on the stripping of Nd-La-Y. 
[Na2CO31/M Y% stripping La % stripping Nd % stripping 
0.1 0.50 3.11 2.45 
0.3 1.00 6.05 4.99 
0.5 1.90 11.81 10.78 
0.8 3.95 23.91 21.33 
1.0 4.85 29.52 25.89 
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Fip_ure 5.26: Effect of Na2C03 concentration on the strippinp, of Nd-La-Y. 
5.2.2.8 Effect of equilibration time on the stripping, of Nd-La-Y. 
The effect of equilibration time on the attainment of an equilibrium state has been 
studied at the time interval I to 30 minutes, while the other factors were kept at 0.1 M 
H2SO4 and 1: 1 (v/v) aqueous to organic phase ratio and the experiments were carried 
out at room temperature. The results obtained are given in Table 5.22 and shown in 
Fig. 5.27. it is obvious that contact time of 10 minutes is sufficient for stripping from 
0.3M primene JMT loaded solvent. 
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Table 5.22: Effect of equilibration time on the strippinp, of Nd-La-Y. 
Time/minutes Y% stripping La % stripping Nd % stripping 
1 8.40 83.71 32.42 
5 10.23 85.23 36.12 
10 16.50 97.90 34.02 
15 15.75 97.70 34.09 
30 15.65 97.55 34.10 
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Fip_ure 5.27: Effect of equilibration time on the strippinp, of Nd-La-Y. 
5.2.2.9 Conclusions. 
The utilization of solvent extraction in order to obtain an efficient and economic 
separation of Nd-La-Y as ternary mixtures has been studied. The optimum conditions 
for this separation from sulfate liquor was 0.3M pnmene JMT/CC14, at pH 2.0, no 
change in extraction by applying different temperature, and CC14 was the best 
diluents. Suitable conditions for stnpping were 0.1 M H2SO4 for La-Y but in case of 
Nd increasing the sulfuric acid concentration increased the stripping. 0.1 M HN03 
gave the highest stripping efficiency for La-Y but IM HN03 the highest for Nd, and 
the sarne results with HCI and HC104. In companson H2SO4 gave a higher stnpping 
than other acids. Acetic acid gave about 99 % stnpping for La only so, it is easy to use 
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acetic acid for selective separation of La from the ternary mixtures. Alkaline stripping 
(NaOH and Na2CO3) gave efficiency lower than the acidic stripping. 
The primary amine primene JMT was tested for the separation of Th from sulfate 
solutions containing Fe, U, and some lanthanides. (28) However, no data about using 
primene JMT in extraction separation of individual lanthanides like Nd-La-Y from 
sulfate solutions were available before this study. Primene JMT quantitavely extracts 
Nd-La-Y ternary systems from sulfuric acid solution and, after extraction, the loaded 
solvent was stripped by different agents to separate the individual elements. IM 
HN03 selectively stripped Nd from the loaded organic phase while acetic acid gave 
the highest stripping efficiency for La. Finally we added 5% oxalic acid to precipitate 
yttrium oxalate. Our future plan is to take the advantages of primene JMT from bench 
scale (laboratory) to industrial semi commercial scale plants. 
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Chapter Six 
Novel extractants and their uses in liquid-liquid extraction of rare 
earth elements 
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6.1 Introduction. 
Recently there has been a significant increase in the use and demand for rare earth 
element compounds, particularly high purity rare earth elements. Liquid-liquid 
extraction of the rare earth elements has been studied extensively since the 1950's, 
and this technique is now widely accepted in the commercial processing of certain 
rare earth elements. In recent years, amides have been proposed as alternatives for 
phosphorous -containing compounds as extractants in the nuclear fuel reprocessing 
because of several advantages, such as complete incinerability, high chemical and 
radiolytic stability, simplicity of synthesis and easy removal of the degradation 
products. (1-3) 
The structures of extractants have been a major concern in the development of new 
extractants with a potential high extracting power for metal ions. Yuan, Xu et al (4 , 5) 
pointed out that electron density at the active site, steric effects and lipophilicity of an 
extractant are the main factors affecting the extracting power for metal ions. 
6.1.1 Recent lh! and deshm for solvent extraction of metal salts. 
To make solvent extraction of metal salts viable, highly selective ligands that can 
complex both the metal cation and the attendant anion(s) are required. Design of these 
ligands should focus on producing separate cation- and anion-binding sites otherwise 
the anion could be bound directly to the metal centre. To facilitate stripping 
procedures, it is desirable to have separated binding sites in the extractant. There are 
examples of this type of ditopic ligand in the literature. Reinhoudt and co-workers 
constructed a ligand that contained two cation-binding crown ether groups and two 
anion-binding amide moieties, which were aided in their role by a lewis acidic UO 2+ 
group in relatively close proximity (6) (Fig. 6.1). The receptor successfully complexed 
both potassium and dihydrogenphosphate ions. 
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CDO 
N F-I NH 
Ir 
Figure 6.1: Ditopic lip-and developed by Reinhoudt and co-workers to bind 
- (6) K+/H2PO4 . 
Another example of this type of ligand was reported by Beer et al. in which the 
receptor contained two benzo[ 15] crown-5 moieties attached to the lower rim of 
calix[4]arene through an amide linker (7) (Fig. 6.2). In the absence of alkali metal 
cations, the amide groups bound no anions, but on addition of potassium ions a 
sandwich complex was formed between the two crown ether units. This templated the 
formation of an anion-binding site by bringing the amide moieties closer together. 
The system showed particular selectivity for the dihydrogen phosphate anion. This 
system demonstrates the benefit of using ditopic ligands with separate binding sites. 
Cooperative binding can be achieved using cation complexation to facilitate anion 
binding. 
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Figure 6.2: C alixarene- based ditopic receptor developed by Beer et al. (7) 
It is important to consider the behaviour of ligands in the non-polar solvents used in 
industrial solvent extraction when designing extractants. Intra- and inten-nolecular 
interactions, such as hydrogen bonds, become increasingly significant and can be 
instrumental in controlling the efficiency of complexation and extraction. An example 
of this uses the well-known phenolic oxime extractants. (8) These are used in 
hydrocarbon solvents for the recovery of copper. Intermolecular hydrogen bonds 
between the oxime OH group and the phenolate oxygen atoms lead to the fon-nation 
(9) (Fig. 6.3) of high stability, which of pseudo-macrocyclic copper complexes 
contribute to the efficiency of the process. 
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Fi2ure 6.3: Phenolic-oxime pseudo- macrocvclic copper complex. (9) 
R 
In another example, the organophosphorus acid metal extractants show very strong 
interligand hydrogen bond causing the formation of dimers in hydrocarbon solvents. 
(10) The eight-membered rings in the dimers are retained upon metal complexation, in 
the presence of excess extractant (Fig. 6.4). This has important consequences as the 
bite angle defined by the pseudo-chelate rings favours tetrahedral coordination and 
allows the selective extraction of metals such as zinc. For example, di(2- 
ethylhexyl)phosphoric acid (D2EHPA) extracts Zn 2+ more strongly than other first 
row transition metal ions. (10") Ditopic ligands have been designed in the Tasker 
group (12) to transport metal salts. The metals that were targeted for extraction were 
copper and nickel and the anion chosen was sulfate, the anion present in many 
pregnant leach solutions. A salen-based binding site (salen = N, N- 
(sal i cyl il ene) ethyl enedi amine dianion) was used as a coordination site for the metal 
(Fig. 6.4) as it is known to bind strongly to nickel and copper. (13,14) 
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Figure 6.4: Organophosphorous acid extractants and their mode of metal 
binding. (11) 
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Figure 6.5: Prototvpe ditopic fillands for the transport of metal sulfate. (11) 
The prototype ligands (12) (Fig. 6.5) also have two pendant tertiary amines that are 
capable of capturing the protons released from the phenolic oxygen atoms upon metal 
complexation giving the ligand a zwitterionic form (positive and negative sites are 
present but the molecule is overall charge-neutral). These arms are templated by the 
coordination of a metal ion to create a dicationic-binding site for anions. This is 
important for the encapsulation of the sulfate anion in the solid state (12) and is also 
essential for the efficient solvent extraction of sulfate. (15) The anion-binding site also 
has the ability to hydrogen bond to the captured anion. These types of interactions are 
important to the efficiency of transport in solvent extraction processes. An advantage 
of the ligand s zwitterionic form is that no acid is lost to the aqueous phase upon 
formation of a complex with a metal salt so the pH of the raffinate is similar to that of 
the feed solution. The overall charge neutrality of the complex is also important for 
solubility in hydrocarbons or other solvents of low polarity. These design features 
open up the possibility for the ligand to be used in hydrometallurgy operations in 
sulfate media (Fig. 6.6). A practicable metal salt extractant must bind the targeted 
metal cation and anion(s) strongly and selectively. This could be performed by a 
variety of methods such as using the coordination of a metal cation to template the 
formation of the anion-binding site or by taking advantage of the importance of 
hydrogen-bond interactions in non-polar solvents. To develop highly selective 
systems for the desired metal cation and anion(s), convenient methods to assess 
selectivity are required. 
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Figure 6.6: Application of mitterionic ditopic lip_ands with dicationic/dianionic 
sites for the transport of metal sulfates. 
6.1.2 Metal and anion detection methods for assessinv_ selectivity. 
Reliable analytical techniques are needed to obtain accurate data for the amount of 
metal and anion extracted or the relative strength of their binding. Metal ions can be 
detected by a variety of methods (16) (e. g. inductively coupled plasma optical emission 
spectroscopy (ICP-OES), atomic absorption spectroscopy, UV-Vis spectroscopy), 
which can be used to detennine the selectivity of their extraction. ICP-OES is very 
good for accurately analysing samples for metal content (less than I Oppb detection 
I imi tS) (16) and in solvent extraction experiments it can be used to analyse both the 
organic and the aqueous phase to check for materials balance. 
In hydrometallurgy, a common way of comparing the "strengths" of organic acid 
(LH) extractants is by measuring the pH 1/2, which is the pH associated with 50% 
loading of the extractant at a stated concentration and for a defined composition of 
aqueous feed. (11) Conventionally, for the extraction of metal ions, the lower the pH1,2 
the stronger the metal complexations. If the metal content of the organic phase is 
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determined over a range of pH, then pH 12 values can be obtained and selectivity's 
assigned Fig. 6.7. 
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Figure 6.7: The pHI/2 of metals with p50-oxime (a phenolic oxime) copper 
extractant. (8) 
The stability of anion complexation is examined in a number of different ways in the 
literature but most have involved a single-phase system. One popular method is based 
on potentiometry, or more specifically pH-meter. (17,18) This technique is nearly 
always camed out using a glass pH electrode and, to be effective, it needs to relate the 
consumption or release of protons in the complexation process to the concentration of 
the anion-receptor complex forined. However, as ligands and anions can often capture 
protons independently, the first step in the procedure is usually to deten-nine the 
basicity constants of the ligand and anion separately. (19) Once these are known, an 
alkali or mineral acid is titrated into a solution of the ligand, anion and protons, and 
the variation in the free hydrogen ion concentration is monitored. The stability 
constants of anion complexation can then be detennined by computer programs. (19) 
This technique has been used successfully to generate anion selectivity data. To date, 
most of the studies have been carried out in water alone. 
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NMR is probably the most widely used technique for the determination of anion 
binding constants in non aqueous- solvents. ('0) It has also provided some of the most 
important structural information on the solution behaviour of anion receptors. The 
experimentally measurable parameters (chemical shifts, coupling constant, etc. ) in 
NMR can be used to determine complex stability constants. These parameters depend 
on the NMR-sensitive nuclei present and their chemical environments as well as the 
reaction rates of the exchange taking place between them. Slow or fast exchange gv"ýes 
different infon-nation: in the case of slow exchange, the amount of free and complexed 
species present in equilibrium can be determined from integration of signal area 
which allows an estimate of the stability constants. Under fast exchange average 
signals of chemical shift are obtained and these can be used to calculate equilibrium 
constants. NMR can also give information on the solution structure as NMR-sensitive 
nuclei most heavily involved in anion binding will exhibit the largest changes in 
chemical shift and relaxation times. The disadvantages of NMR are that it can suffer 
from low sensitivity resulting from the high association, and relatively high 
concentrations (10-2 _10-3) of both host and guest are required to obtain appreciable 
NMR signals. (2 1) NMR also cannot be used in the presence of some paramagnetic 
nuclei (e. g. Cu 2+ ). 
Anion coordination can also affect the electromagnetic (absorption) spectrum of the 
anion and/or the receptor in the 10-8_ 10-4 rn wavelength region, which allows the use 
of UV-Vis spectrophotometry and IR spectroscopy. Both of these techniques use the 
Beer-Lambert-Bouger law, 
Ap-= E, 6ipICi 
where Ap and cip are, respectively, the absorbance of the solution and the molar 
absorption coefficient of the species at the wavelength denoted by the index p, Ci is 
the concentration of the species and I is the optical path length. (19) This relates the 
absorption data obtained to concentration, which can subsequently be used to 
calculate equilibrium constants for anion binding. UV-Vis and IR have been used as 
the dominant techniques (21,22) because studies can take place at low and high pH and 
there is no restriction to aqueous solution. 
196 
Chamer 6 
A rapidly growing and popular way of monitoring anion concentration is the use of 
anion selective electrodes. (19) There are several different metal 'on selectiVe 
electrodes available but the range of anion selective electrodes is still relatively small. 
nose for halides are now widely available and successfully used, often in 
combination with a glass electrode, to give information on the free concentration of 
the anion under study and the hydrogen ion concentration. (23) For analysis by ICP- 
OES, elements generally require one or more atomic or ionic emission lines in the 160 
to 900nm region to be detected accurately. The sulfate anion can therefore be 
analysed as it has emission lines at low wavelength (I 80-190nm) capable of giving 
reliable results. In metal salt extraction this allows the amount of metal and sulfate 
extracted by ligand to be analysed simultaneously as the ICP-OES can perform multi- 
element analysis. 
The selectivity of metal ion extraction can be assessed by the determination of 
differences in pHI/2 values (Fig. 6.7). (8) If pH1/2 values for sulfate complexation can 
be obtained by monitoring the extraction of sulfate over a range of pH, then they 
could be used to assess the strength of the sulfate binding in two-phase extraction 
experiments. In this case the higher the pHI/2, the stronger the binding as 
complexation will only occur when protonation of the anion-binding site (e. g. tertiary 
amine groups) is favourable. This is shown hypothetically in Fig. 6.8 for a system in 
which Cl- is extracted at a higher pH than H2PO4- andS04 2-, indicating the strength of 
CY binding is greater. This novel approach to assessing anion selectivity should allow 
rapid and efficient determinations of the strength of complexation in a two-phase 
solvent extraction system. 
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Fip, ure 6.8: Schematic representation of how anion selectivity could be nleasurcd 
in solvent extraction experiments. (24) 
6.1.3 Developinp_ s ulfate-s elective anion receptors. 
New methods are required for the treatment of metal sulfates and one potential 
strategy involves the development of extractants for metal sulfates. This is 
complicated because selective binding is needed for both the targeted metal cation and 
the sulfate anion to maintain good materials balances. The more challenging of these 
targets is to design sulfate-selective anion receptors. 
Anion coordination chemistry is an emerging area of supramolecular chemistry. 
Cation recognition is already very well developed and it has taken time for the 
coordination chemistry of anions to receive a signIficant level of Interest. (19) The 
main reason that less attention has been given to the design of anion receptors is its 
challenging nature. Anions are larger than their isoelectronic cations (Table 6.1), 
resulting in a lower charge-to-radius ratio. (25) This means that they are more difficult 
to bind electrostatically (cations are much smaller so their charge is more 
concentrated). Also, they are subject to protonation as the pH is lowered. Receptors 
must therefore be designed to work in a specific pH range as the anion's charge will 
decrease with pH. 
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Table 6.1: Radii of selected isoelectronic cations and anions. (25) 
Cation r (A') Anion r (A') 
Na+ 1.16 F 1.19 
Icl- 1.52 Cl- 1.67 
Rb + 1.66 Br- 1.82 
Cs+ 1.81 F 2.06 
Anionic species also have a variety of different structures. The design of receptors is 
therefore specific for the anion's particular geometry and is far more complicated than 
for the inherently spherical cations (Fig. 6.9). 
Anion I-i'tructure Shape Anions 
0 
Spherical F, Cl , Br, I 
)- SCN Oil CN Linear N, I- 
Trigonal Planar CO; 2-ý No, - 
z Tetrahedral H-, PO., '-. CIO., -. So., '-. BF - 
Octahedral 
Fip_ure 6.9: The different structure of anions. 
(26) 
[Fe(CN)6]4 ý 
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The first example of a synthetic anion inclusion complex was reported in 1968 by 
Park and Simmons. (27) They discovered a new type of ion-pairing in which a halide 
guest could occupy the cavity of an organic cage. These complexes, known as the 
"halide katapinates" (Fig. 6.10) were the basis for most of the early work on anion 
complexation. This work mainly consisted of synthesis of a large number of 
macrocyclic oligoamines (two of which are shown in Fig. 6.11). (28,29) The designs 
used ammonium groups to facilitate anion binding. 
(CH2) 
-Ci 
(CH2)n- 
(CH2)n 
n=1,2 
Fi2ure 6.10: Example of chloride katapinates. (27) 
-NH HN- 
HN NH 
IH 
HN 
HN NH 
-NH HNJ 
Figure 6.11: Early macrocyclic anion receptors. (28,29) 
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Many attempts to bind anions have involved the use of amides because of their ability 
to function as hydrogen-bond donors to anions. The hydrogen bonding is directional 
and is therefore very useful when designing receptors of anions of specific shapes and 
geometries. The first purely amide-based anion receptor was developed in 1986 by 
Pascal et al. (30) and it was found to bind fluoride anions in deuterated DMSO 
(Fig. 6.12). 
S 
S 
/1 
Y N 
0 
H-N 
0 
Fip, ure 6.12: The first purely amide-based anion receptor developed by Pascal et 
al. (30) 
In 1993, Reinhoudt and co-workers developed the design possibilities further by 
synthesizing a variety of acyclic tripodal anion receptors containing amide groups. (31) 
The ligands were all C3 symmetric and therefore set up to bind tetrahedral anions 
(F i g. 6.13). 
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N 
NH HN 
HNR 
0 
R 
R=CH2CI, (CH2)4CH3, C6H5 
(31) Fip, ure 6.13: Tripodal amide receptors that show selective binding of H2PO4-. - 
6.2 Results and discussion. 
Since Siddall III first studied NN'-dialkylamides as extractants for the separation of 
actinides in 1961, (32) they were regarded as alternatives to TBP in the reprocessing of 
nuclear fuel. During the last forty years, many publications have described the 
remarkable properties of NN'-dialkylamides in the field of solvent extraction. (33) The 
principal advantages of diamides are: easy synthesis, complete incineration, and high 
stability with respect to chemical and radiolytical degradation. It has been shown that 
they are potentially good extractants for actinides, especially for U(VI). However, 
there are no additional studies of extraction of rare earth elements using these amides. 
6.2.1 Lipand svnthesis. 
The piperazine based amides, LI and U, were prepared according to a modified 
literature procedure. (34) The relevant acid chloride was first prepared by reaction of 
the parent acid and with thionyl chloride, and then reacted with half an equivalent of 
piperazine in 1,2-dichloroethane (Scheme 6.1). Following removal of the solvent in 
vacuo the products were recrystallized from diethyl ether (LI) or acetone (U) and 
characterized by 1H, 13C {1H)NMR, mass spectrometry and elemental analysis. 
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6.2.1.1 Synthesis of NN'-dioctano-ylpiperazine DOPEZ (L I). 
C7H15COOH + SOC12 --ý C7H15COCI + S02 + HCI 
C7Hl5COCI + HN NH ON NN 
C7H15 \-J/ C7H15 
Scheme 6.1: Svnthesis of NNý-dioctanovlpiperazine. 
The NMR data for the two ligands are given in Tables 6.2 and 6.3, and the spectra for 
LI shown in Figs. 6.14 and 6.15. 
Table 6.2: lH and 13 CjlHj NMR [CDC131 assignment of Ll. 
Chemical Shift (6, ppm) Assignment 
lH 
3.74 (s, 4H) CH2 Of C4H8N2 
3.65 (s, 4H) CH2 Of C4H8N2 
2.46 (t, 4H , 
3, j = 4.7 Hz) CH2 Of C7HI5 
1.76 (t, 4H , 
3, j = 7.2 Hz) CH2 Of C7HI5 
1.43-1.41 (m, 16H) CH2 Of QH15 
1.01 (s, 6H) CH3 Of QH15 
H) 
172.7 C=O 
45.8 CH2 Of C4H8N2 
41.9 CH2 Of C4H8N2 
33.7 ! LH2 Of QH15 
32.1 CH2 Of C7HI5 
31.3 CH2 Of QH15 
29.8 j: H2 Of QH15 
25.6 CH2 Of C7HI5 
23.0 CH2 Of C7H, 5 
14.4 CH3 Of C7Hl5 
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A K=7 
L- -- 
I 
(- 
--)I 
Jf 
"' 
I 
Fip_ure 6.14: 1H NMR ICDC131 spectrum of Ll (300K). 
Figure 6.15: 13 CIlHj NMR ICDC131 spectrum of Ll (300K). 
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6.2.1.2 Synthesis of NN'-diacet-vlpiperazine (U). 
The same procedure as for LI was followed using acetyl chloride instead of octanoyl 
chloride. The solid residue was recrystallized from a small amount of acetone. The 
main purpose of the synthesis of this ligand was to create a small carbon chain on the 
nitrogen atoms to investigate the possibility for separating metal from the organic 
phase after extraction. 
CH3COC' + HN NH IBM 
H3C CH3 
Scheme 6.2: Synthesis of NN-diactetylpiperazine. 
Table 6.3: 1H and 13c fI HI NMR [CDC131 assignment of L3. 
Chemical Shift (6, ppm) Assignment 
H 
3.56 (m, 4H) CH2 Of C4H8N2 
3.41 (m, 4H) CH2 Of C4H8N2 
2.06 (s, 3H) CH3 
Bqlm 
169.7 C=O 
46.4 CH2 Of C4H8N2 
41.6 CH2 Of C4H8N2 
21.7 CH3 
205 
Chapter 6 
6.2.1.3 Svnthesis of N-octanovIviveridine (U), Amides of Cvclic Amines. 
N, N'-disubstituted amides have been found to be efficient extractants for uranium(VI) 
from nitric acid media. (35-37) N-Octanoylpiperidine is a new member of this family of 
extractants, which are obtained by using piperidine and its derivatives as cyclic 
secondary amines. They are resistant to hydrolysis and radiolysis, their degradation 
products are easily washed away; they can be burned thoroughly and will not result in 
any solid waste. However there are no studies about the extraction perforinance of 
these ligands for rare earth elements. Firstly, the acid chloride was prepared by 
heating the parent acid in thionyl chloride under reflux for 5 hours. The excess 
reagent was removed in vacuo. The product was used without further purification. 
These amides were prepared by acylation of cyclic amines (piperidine) with long- 
chain acid halides in a two-phase system of CHC13 and H20: K2CO3. (38) The product 
was characterised using 1H, 13C {IHINMR, mass spectrometry and elemental analysis. 
The NMR data for the ligand is given in Table 6.4 and the spectra presented in Figs. 
6.16 and 6.17. 
C7H15COOH + SOC12 --> C7H, 5COCI + S02 + HCI 
C7Hl5COCI + HNO 00 
CM15 ", 
3-No 
Scheme 6.3: Synthesis of N-octanoylpiperidine. 
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Table 6.4: lH and 
13CIlHI NMR [CDC131 assignment of L2. 
Chemical Shift (6, ppm) Assignment 
IH 
3.55 (t, 2H , 
3j = 5.6 Hz) CH2 Of C5HION 
3.40 (t, 2H , 
3j = 5.4 Hz) CH2 Of C5HION 
2.31 (t, 2H , 
3j = 7.4 Hz) CH2 of CH2-C=O 
1.67-1.53 (m, 8H) CH2 
1.32-1.28 (m, 8H) CH2 
0.88 (s, 3H) CH3 Of C7H, 5 
13CI 'HI 
171.8 C=O 
47.1 CH2 Of C5HION 
42.9 CH2 Of C5HION 
33.8 CH2 
32.1 CH2 
29.8 CH2 
29.4 CH2 
26.9 CH2 
26.0 CH2 
25.8 CH2 
24.9 CH2 
22.9 CH2 
14.4 CH3 Of C5Hjo 
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Fil4ure 6.16: lH NMR [CDC131 spectrum of L2 (300K). 
220 200 180 160 140 120 100 80 60 40 20 0 pprn 
FiL, ure 6.17: 
13C I 'HI NMR ICDC131 svectrum of L2 (300K). 
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6.2.1.4 Synthesis of N-octano-yl-4-methylpiperdine (L4). 
The same procedure as L2 was followed using 4-methyl piperdine instead of 
piperdine. The product was characterised using 1H, 13C {1Hj NMR, mass spectrometry 
and elemental analysis. The NMR data for the ligand is given in Table 6.5 and the 
spectra presented in Figs. 6.18 and 6.19. 
0 
C7Hl5COCl + HN 
: )- 
CH3 ol 
C7Hl5 ", 
-N CH3 
Scheme 6.4: Synthesis of N-octanoyl-4-methylpiperidine. 
209 
Chapter 6 
Table 6.5: 1H and 
13C PHI NMR JCDC131 assignment of L4. 
Chemical Shift (6, ppm) Assignment 
IH 
4.64-4.57 (m, 1H) HC-N Of C5N ring 
3.88-3.80 (m, 1H) HC-N Of C5N ring 
3.00 (pseudo t of d, 111, 
J, = 12.6 Hz, J2 = 2.5 Hz) 
HC-N of C5N ring 
2.54 (pseudo t of d, 1H, 
J, = 12.8 Hz, J2 = 2.5 Hz) 
HC-N Of C5N ring 
2.33 (t, 2H 3j = 7.6 Hz) CH2 Of C6HI3-CH2C=O 
1.73-1.55 (m, 5H) Aliphatic CH 
1.37-1.23 (m, 8H) Aliphatic CH 
1.18-1.02 (m, 2H) Aliphatic CH 
1.00-0.94 (m, 3H) CH3 
0.92-0.88 (m, 3H) CH3 
13CIlHI 
169.9 C=O 
44.4 CN Of C5N 
40.3 CN Of C5N 
33.1 Aliphatic C 
32.2 Aliphatic C 
31.9 Aliphatic C 
30.1 Aliphatic C 
29.5 Aliphatic C 
27.9 Aliphatic C 
27.5 Aliphatic C 
32.9 Aliphatic C 
21.0 Aliphatic C 
20.1 Aliphatic C 
12.5 j: H3 Of C71115 
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Figure 6.18: lH NMR ICDC131 spectrum of L4 (300K). 
220 C, e') 160 14 011 80 6-) 4 
Fip_ure 6.19: 13 CI'Hj NMR ICDC131 spectrum of L4 (300K). 
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6.2.1.5 Synthesis of N-octanovl-3-methylpiperdine (M). 
The same procedure as L2 was followed using 3-methyl piperdine instead of 
piperdine. The 1H and 13C {'HINMR of L5 are complicated by the presence of two 
rotational isomers (Fig. 6.20), which undergo slow interconversion at room 
temperature. 
HN 
C7Hj5COCI + IN 
CH3 
0 
C7H15 
CH3 
Scheme 6.5: Synthesis of N-octanovi-3-methylpiperidine. 
0 
11 
C7H15 
c\ 
NP 
CH3 
0 CH3 
II 
C7H15 llý N 
Fip, ure 6.20: Rotational isomers of L5. 
Room temperature 1H and 13C (1H) spectra show the presence of both isomers. 
(Figs. 6.21 and 6.22), and a partial assignment can be made using IH COSY and 
13C_ 
1H correlation experiments (Figs. 6.23 and 6.24) and is given in Table 6.6. 
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Table 6.6: IH and 13CI 'HI NMR JCDC131 assignment of L5. 
Chemical Shift (8, ppm) Assignment 
IH 
4.19 (d, 2H 2j = 12.6 Hz) (A) CHN Of C5N 
3.73-3.66 (m, 211) (B) CHN Of C5N 
2.91-2.89 (m, 111) (B) CHN Of C5N 
- 2.62 (m, 111) (B) CHN Of C5N 
- 2.49 (m, 1H) (A) CHN Of C5N 
2.26-0.78 (integeral) Unable to assign and differentiate 
between the isomers 
13CI 1H) 
53.6 CH2N of C5H ring (B) 
49.4 CH2N Of C5H ring (A) 
46.6 C112N Of C5H ring (B) 
42.5 CH2N of C5H ring (A) 
33.9,33.7,33.5,33.4,32.2,32.1,31.6, 
31.3,29.8,29.5,26.4,26.0,25.9,25.8, 
25.2,23.0,19.9,19.4,19.3,14.4 
Unable to differentiate between 
isomers 
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Figure 6.21: 1H NMR ICDC131 spectrum of L5 (300K). 
2 Oo 1 160 C. 10C, E 6". A. " 
Figure 6.22: 13 CjlHj NMR ICDC131 spectrum of L5 (300K). 
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Fip, ure 6.23: 1H COSY NMR ICDC131 spectrum of L5 (300K). 
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Fip_ure 6.24: 13C_ lH correlation NMR ICDC131 spectrum of L5 (300K). 
215 
a ter 
Variable temperature NMR experiments were undertaken, and clearly show the 
coalescence of the pipendine ring protons with increasing temperature (Figs. 6.26 (a) 
and 6.26 (b)). The 13C f1 H) NMR spectrum of L5 has also been recorded at 100 'IC 
(Fig. 6.25), and shows a reduction in the number of signals, due to the rapid 
interconversion of the two isomers. 
220 200 180 160 140 120 100 80 60 40 20 0 pply 
Fieure 6.25: Variable temperature 13 CjlHj NMR [DMSOl spectrum of L5. 
216 
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333 K 
323 K 
313 K 
303 K 
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 
Fip, ure 6.26 (a): Variable temperature IH NMR IDNISOI spectrum of L5. 
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Figure 6.26(b): Variable temperature lH NMR IDNIS01 spectrum of L5. 
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6.2.1.6 Attempted synthesis of N-octanoyl-2-methylpiperidine (L6). 
The synthesis of the ortho methylated of L2 denvative was attempted but was 
unsuccessful, analysis of the reaction showed no sign of the desired product. This is 
probably due to steric effects from the ortho methyl group. 
C7Hl5COCI + 
H 
0 
C7H15 '. I 
H3 
Scheme 6.6: Synthesis of N-octanoyl-2-methN, Ipiperidine. 
6.2.1.7 Attempted synthesis of NN-dioctanovl4,4-bipiperidVI (L7). 
Following on from p1perazine based ligands the synthesis of bipipendyl-based amides 
by the same route was attempted. Starting materials and reaction conditions were 
varied, but yields and purities were poor. 
HN NH 
C7Hl5COCI + 
0. - 
00 
C7Hl5 
C7Hl5 
Scheme 6.7: Synthesis of NN-dioctanoyl4,4-bipiperidyl. 
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6.2.2 Extraction equilbrium experiments. 
Expenments using the ligands LI -L5 to identify their efficiency on the distribution 
coefficient and the extraction of rare earth elements were carried out due to the 
promise shown by amides in the extraction of thorium, and uranium. 
6.2.2.1 Effect of DOPEZ (Ll) concentration on the distribution coefficient of 
yttrium from sulfate medium. 
To 4 ml of the sulfate liquor (yttrium initial concentration 5.22 x 10-3 Mol. dm -3 ), 4 ml 
of a solution of DOPEZ dissolved in carbon tetrachloride was added with 
concentration ranging from 0.0 1 to 0.1 M, and the solution shaken for 10 minutes at 
room temperature to attain equilibrium state. The optimum value of a 0.02M solution 
of DOPEZ in CC14 was chosen from the data reported in Table 6.7 and presented in 
Fig. 6.27. 
Table 6.7: Effect of DOPEZ concentration on the distribution coefficient of 
vttrium from sulfuric acid medium. 
[DOPEZ]/M Percent extraction Distribution coefficient 
0.01 86.50 6.40 
0.02 87.00 6.70 
0.04 85.80 6.04 
0.05 85.60 5.94 
0.10 85.30 5.80 
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10 0.12 : 
Fip_ure 6.27: The effect of DOPEZ concentration on the distribution coefficient of 
yttrium from sulfuric acid medium. 
6.2.2.2 Effect of DOPEZ concentration on the distribution coefficient of 
cerium(III) from Sulfate medium. 
To 4 ml of the sulfate liquor (cerium(III) initial concentration 5.22 x 10-3 Mol. drn -3 ), 4 
ml of a solution of DOPEZ dissolved in carbon tetrachloride was added with 
concentration ranging from 0.0 1 to 0.1 M, and the solution shaken for 10 minutes at 
room temperature to attain equilibrium state. The optimum value of a 0.04M solution 
of DOPEZ in CC14 was chosen from the data reported in Table 6.8 and presented in 
Fig. 6.28, which is slightly higher than that of yttnum and can be used to separate 
cerium(III) from yttrium using different concentration of DOPEZ. 
Table 6.8: Effect of DOPEZ concentration on the distribution coefficient of 
cerium(III) from sulfuric acid medium. 
[DOPEZI/M Percent extraction Distribution coefficient 
0.01 84.90 5.62 
0.02 86.30 6.29 
0.04 88.00 7.33 
0.05 86.80 6.57 
0.10 86.25 6.27 
221 
Chapter 6 
7.50 
7.00 
6.5C 
6. OC 
.0 
5.5C 
a 
5.00 4- 
0.00 
Fip_ure 6.28: Effect of DOPEZ concentration on the distribution coefficient of 
cerium(III) from sulfuric acid medium. 
6.2.2.3 Effect of DOPEZ concentration on the distribution coefficient of 
lanthanum from sulfate medium. 
To 4 ml of the sulfate liquor (lanthanum initial concentration 5.22 x 10-3 Mol. drn -3 ), 4 
ml of a solution of DOPEZ dissolved in carbon tetrachloride was added with a 
concentration ranging from 0.01 to 0.1 M, and the solution shaken for 10 minutes at 
room temperature to attain equilibrium state. The optimum value of a 0.05M solution 
of DOPEZ in CC14 was chosen from the data reported in Table 6.9 and presented in 
Fig. 6.29, the similarity of this optimum concentration of DOPEZ to that for 
cerium(III) can be attributed to that both lanthanum and cerium(III) have slightly 
different ionic radii (light rare earths). However, extractions using different 
concentrations of DOPEZ might be used to separate lanthanurn from Yttrium and 
cerium(III). 
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Table 6.9: Effect of DOPEZ concentration on the distribution coefficient of 
lanthanum from sulfuric acid medium. 
[DOPEZI/M Percent extraction Distribution coefficient 
0.01 57.00 1.33 
0.02 60.40 1.53 
0.04 67.32 2.06 
0.05 74.40 2.91 
0.10 74.80 2.96 
3.50 
3.00 
E 
(L, 2.50 
2 2.00 
1.50 
0 
1.00 +- 
0.00 0.02 0.04 0.06 0.08 
[DOPEZI/M 
0.10 0.12 
Fip-ure 6.29: The effect of DOPEZ concentration on the distribution coefficient of 
lanthanum from sulfuric acid. 
6.2.2.4 Effect of sulfuric acid concentration on the distribution coefficient of 
yttrium. 
Fig. 6.30 shows the effect of different concentrations of H2SO4 on the distribution 
coefficients of yttriurn in the two phases. The distribution coefficient of yttrium. 
increases as the concentration of H2SO4 increases from 0.1 -2M, The reason for this 
high-concentration increase may be that sulfuric acid reacts with water from the 
hydration sphere which makes the yttrium. more available and easily extracted by this 
ligand. Other factors in this experiment were fixed at 1: 1 v/v organic to aqueous phase 
ratio, 0.02M DOPEZ in carbon tetrachloride, mixing time 10 minutes and the 
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experiments were carried out at room temperature. The results obtained are presented 
in Table 6.10 and reported in Fig. 6.3 0. 
Table 6.10: Variation of yttrium distribution coefficient with concentration of 
sulfuric acid solution. 
IH2SO41/M Percent extraction Distribution coefficient 
0.1 79.65 3.90 
0.5 87.00 6.70 
1.0 87.85 7.23 
1.5 88.95 8.05 
2.0 89.95 8.95 
10 
2 
3 4- 
0.00 
[H2SO41/M 
Figure 6.30: The effect of sulfuric acid concentration on the distribution 
coefficient of vttrium. 
6.2.2.5 Effect of sulfuric acid concentration on the distribution coefficient of 
cerium(III). 
The effect of sulfuric acid concentration on the distribution coefficient of cenum(Ill) 
is shown in Fig. 6.3 1. By increasing the concentration of H2SO4 the distribution 
coefficient of cerium(Ill) decreases gradually at higher acidity. This is because 
DOPEZ can also co-extract H2SO4 from aqueous solution, so at higher acidity the 
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concentration of free extractant decrease which leads to a decrease in the extraction 
and distribution coefficient of cerium(III). The phenomenon is similar to that 
occurring with other amide extractants. (3941) 
Table 6.11: Variation of cerium(III) distribution coefficient with the 
concentration of sulfuric acid solution. 
IH2SO41/M Percent extraction Distribution coefficient 
0.1 88.13 7.45 
0.5 88.00 7.33 
1.0 74.55 2.92 
1.5 55.75 1.25 
2.0 52.00 1.08 
Fip-ure 6.31: The effect of sulfuric acid concentration on the distribution 
coefficient of cerium(III). 
6.2.2.6 Effect of sulfuric acid concentration on the distribution coefficient of 
lanthanum. 
The effect of sulfuric acid concentration on the distribution coefficient of lanthanum 
is shown in Fig. 6.32 and reported in Table 6.12. By increasing the concentration of 
H, S0.4 the distribution coefficient of lanthanum, sharply decreases at higher acidity, 
which is similar to the behaviour of cerium(Ill) and the reason for this decrease was 
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explained in section 6.2.2.5. However, increasing the aqueous phase acidity (sulfuric 
acid concentration) the distribution coefficient of yttrium increases which was 
opposite of lanthanum and cerium(Ill). This difference mi ing ight be helpful separat' 
yttrium from both lanthanum and cerium(III). 
Table 6.12: Variation of lanthanum distribution coefficient with the 
concentration of sulfuric acid solution. 
IH2SO41/M Percent extraction Distribution coefficient 
0.1 74.60 2.94 
0.5 74.40 2.91 
1.0 54.84 1.21 
1.5 30.68 0.44 
2.0 20.00 0.25 
3.50 
, 3.00 
Z 2.50 
!E 
4) 
o2.00 
o 1.50 
1.00 
j5 0.50 
0.00 +- 
0.00 
[H2SO41/M 
Fiv-ure 6.32: The effect of sulfuric acid concentration on the distribution 
coefficient of lanthanum. 
6.2.2.7 Effect of diluent on the distribution coefficient of yttrium by DOPEZ. 
The distribution coefficient of yttrium has been studied using different organic 
diluents, namely benzene (1), toluene (2), carbon tetrachloride (3), chloroform (4). 
and 1,2-dichloroethane (5). The other factors were fixed at the values at which 
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maximum distribution coefficient occurred i. e. 1: 1 (v/v) organic to aqueous phase 
ratio, room temperature, 0.02M DOPEZ in all diluents, contact time 10 minutes. 
Results are presented in Table 6.13. It is obvious that although benzene and toluene 
have dielectric constants of the same order of magn'tude as that Of CC14, they both 
came below CC14 with regards to the efficiency of distribution coefficient of yttrium. 
This is probably due to the lower solubility of the extracted species In these d1luents 
as compared withCC14. This is probably a function of the different intermolecular 
diluent: diluent, and solvent: diluent, interactions that occur in aromatic, and non- 
aromatic, diluents. It is clear from Table 6.13 and Fig. 6.33 thatCC14 is the best 
diluent. 
Table 6.13: Effect of different diluents on the distribution coefficient of yttriuni. 
Diluents Percent extraction Distribution coefficient 
Benzene 83.90 5.20 
Toluene 83.20 4.95 
Carbon tetrachloride 87.00 6.70 
Chloroform 82.50 4.71 
1,2-dichloroethane 83.00 4.88 
7 
6 
5 
Distribution 4 
coefficient 3 
2 
1 
0 
Diluents 
Figure 6.33: Effect of different diluents on the distribution coefficient of yttrium. 
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6.2.2.8 Effect of diluent on the distribution coefficient of cerium(III) by DOPEZ. 
The disti-ibution coefficient of cerium(III) has been studied using different organic 
diluents, namely, benzene (1), toluene (2), carbon tetrachlonde (3), chloroform (4), 
and 1,2-dichloroethane (5). The other factors were fixed at the values at whIch 
maximum distribution coefficient occurred i. e. 1: 1 (v/v) organic to aqueous phase 
ratio, room temperature, 0.04M DOPEZ in all diluents, contact time 10 minutes. 
Results are presented in Table 6.14. It is obvious that from Table 6.14 and Fig. 6.34 
that CC14 is the best diluent that is similar to that obtained in the case of y1trium. 
Table 6.14: Effect of different diluents on the distribution coefficient of 
cerium(III). 
Diluents Percent extraction Distribution coefficient 
Benzene 81.50 4.41 
Toluene 79.40 3.85 
Carbon tetrachloride 88.00 7.33 
Chloroform 70.15 2.35 
1,2-dichloroethane 74.55 2.93 
8- 
T' 
6-Z 
Distribution 
coefficient 
4-Z 
3-' 
2- 
04 
2345 
Diluents 
Fip, ure 6.34: Effect of different diluents on the distribution coefficient of 
ceriuni(III). 
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6.2.2.9 Effect of diluent on the distribution coefficient of lanthanum bv DOPEZ. 
The distnbution coefficient of lanthanum has been studied using different organic 
diluents namely, benzene (1), toluene (2), carbon tetrachloride (3), chloroform (4), 
and 1,2-dichloroethane (5). The other factors were fixed at the values at which 
maximum distribution coefficient occurred i. e. 1: 1 (v/v) organic to aqueous phase 
ratio, room temperature, 0.05M DOPEZ 11 inutes. in all diluents, contact time 10 in i 
Results are presented in Table 6.15. It is noticed that this is identical to the previous 
section. It is clear from Table 6.15 and Fig. 6.35 thatCC14 is the best diluent. So, the 
diluents effect does not offer any help in separating these elements using DOPEZ. 
Table 6.15: Effect of different diluents on the distribution coefficient of 
lanthanum. 
Diluents Percent extraction Distribution coefficient 
Benzene 47.12 0.89 
Toluene 57.84 1.37 
Carbon tetrachloride 74.40 2.91 
Chloroform 52.24 1.09 
1,2 dichloroethane 57.20 1.34 
3.00 
2.50 
2.00 
Distribution 1.50 
coefficient 
1.00 
0.50 
0.00 
Diluents 
Fip, ure 6.35: Effect of different diluents on the distribution coefficient of 
lanthanuni. 
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6.2.2.10 Effect of equilibration time on the distribution coefficient of yttrium by 
DOPEZ. 
The effect of contact time on the attainment of an equilibrium state was studied at 
intervals between 1-30 minutes, while the other factors were kept as mentioned 
before. The results obtained are given in Table 6.16 and shown in Fig. 6.36. It is 
obvious that by increasing the contact time from I- 10 minutes the distribution 
coefficient was increased and above 10 minutes slightly decreased, so contact time of 
10 minutes is quite adequate for efficient yttrium extraction but it is slower than for 
the amines studied in this work. 
Table 6.16: Effect of equilibration time on the distribution coefficient of yttrium 
b-v 0.02M DOPEZ/carbon tetrachloride. 
Time/minutes Percent extraction Distribution coefficient 
1 84.00 5.25 
5 86.50 6.41 
10 87.00 6.70 
20 86.75 6.55 
30 86.55 6.43 
6.80 
6.60 
6.40 
6.20 
6.00 
5.80 
5.60 
5.40 
5.20 
5.00 
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 
Time/minutes 
Figure 6.36: The effect of eguilibration time on the distribution coefficient of 
yttrium bv 0.02M DOPEZ/carbon tetrachloride. 
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6.2.2.11 Effect of equilibration time on the distribution coefficient of cerium(III) 
by DOPEZ. 
The effect of mixing time on the attainment of an equilibrium state was studied at 
intervals between 1-30 minutes, while the other factors were kept as mentioned 
before. The results obtained are given in Table 6.17 and shown in Fig. 6.37. It is 
noticed that by increasing the contact time the distribution coefficient increased to the 
maximum after 10 minutes and began to decrease which was attributed to the 
entrainment of some ligands droplet into the aqueous phase, then contact time of 10 
minutes is quite adequate for efficient cerium(III) extraction. 
Table 6.17: Effect of equilibration time on the distribution coefficient of 
cerium(III) by 0.04M DOPEZ/carbon tetrachloride. 
Time/minutes Percent extraction Distribution coefficient 
1 79.50 3.87 
5 80.00 4.00 
10 86.00 6.14 
20 81.00 4.26 
35 80.75 4.19 
6.50 
6.00 
5.50 
5.00 
4.50 
AQ 4.00 
cl 
3.50 
0 10 20 30 40 
7-ime/minutes 
Figure 6.37: The effect of equilibration time on the distribution coefficient of 
cerium(III) by 0.04M DOPEZ/carbon tetrachloride. 
231 
Chapter 6 
6.2.2.12 Effect of equilibration time on the distribution coefficient of lanthanum 
bv DOPEZ. 
The effect of equilibration time on the attainment of an equilibrium statewas studied 
at intervals between 1-35 minutes, while the other factors were kept as mentioned 
before. The results obtained are given in Table 6.18 and shown in Fig. 6.38. It is 
obvious that contact time of 10 minutes is quite adequate for efficient lanthanum 
extraction, which is identical to the previous section. 
Table 6.18: Effect of equilibration time on the distribution coefficient of 
lanthanum by 0.05 M DOPEZ/carbon tetrachloride. 
Time/minutes Percent extraction Distribution coefficient 
1 71.00 2.44 
5 72.50 2.64 
10 78.00 3.55 
20 76.50 3.26 
35 75.00 3.00 
3.80 
3.60 
3.40 
3.20 
0 3.00 0 
ö- 2.80 
= 2.6 0 M2 
2.40 
0 2.20 
2.00 
Time/minutes 
Figure 6.38: The effect of ecluilibration time on the distribution coefficient of 
lanthanum by 0.05NI DOPEZ/carbon tetrachloride. 
232 
0 10 20 30 40 
Ch, qntpr A 
6.2.2.13 Effect of pH on the distribution coefficient of _Vttrium. 
The distribution coefficient has been studied by varying the pH values of the sulfate 
liquor from 0.5 to 2.00, using either sulfuric acid or sodium hydroxide. Other factors 
were fixed at 1: 1 (v/v) organic to aqueous phase ratio, 0.02M DOPEZ in carbon 
tetrachloride, contact time 10 minutes and the experiments were carried out at room 
temperature. The results obtained are given in Table 6.19 and shown in Fig. 6.39. It is 
clear that the pH 0.50 of the sulfate liquor can be taken as an optimum pH value. 
Fortunately, that is the same pH of the parent sulfate liquor under examination and by 
increasing pH the yttrium distribution coefficient decreased. This decreasing on 
distribution coefficient is caused by formation of non-extractable species at higher 
acidity. 
Table 6.19: Variation of distribution coefficient of yttrium with the pH of the 
sulfate solution. 
pH Yttrium % 
extraction 
Distribution coefficient 
0.50 91.80 11.19 
0.75 86.70 6.52 
1.00 81.60 4.43 
1.50 80.50 4.13 
2.00 79.25 3.82 
12 
.2 10 
9 
0 8 
07 
6 
5 
4 
0.3 0.8 1.3 
pH 
1.8 2.3 ' 
Figure 6.39: The effect of pH on the distribution coefficient of yttrium. 
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6.2.2.14 Effect of N-octano-vi-4-meth_vlpiperidine (U) concentration on the 
distribution coefficient of yttrium frOm sulfate medium. 
To 5 ml of the sulfate liquor (yttrium sulfate), 5ml of a solution of N-octanoyl-4- 
methylpiperi dine dissolved in chloroform was added with a concentration ranging 
from 0.01 to 0.5M, and the solution shaken for 10 minutes at room temperature to 
attain equilibrium state. By increasing the ligand concentration, the distribution 
coefficient increased until the concentration reached 0.25M, after which the 
distribution coefficient began to decrease probably due to viscosity problems 
(insufficient mixing between the aqueous and organic phases). Also at higher 
concentrations of the ligand the tendency for dimenzation or polymenzation increased 
causing the decrease in the distribution coefficient. The data are reported in Table 
6.20 and presented in Fig. 6.40. 
Table 6.20: Effect of concentration of (U) on the distribution coefficient of 
yttrium from sulfuric acid medium. 
Amide/M Yttrium % extraction Distribution coefficient 
0.01 80.60 4.15 
0.02 80.70 4.18 
0.04 80.75 4.19 
0.05 80.90 4.23 
0.10 81.45 4.39 
0.25 81.65 4.43 
0.50 81.30 4.34 
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4.40 
Z 4.35 
o 4.30 
o4.25 
4.20 
C) 4.15 
4.10 
[L4]/M 
Figure 6.40: The effect of different concentrations of (L4) on the distribution 
coeffcient of yttrium. 
6.2.3 Licluid-licluid extraction loadinp- capacities experiments usinp- different 
amide ligands L I, L2, U, and L4. 
6.2.3.1 Yttrium loading capacitv of different amide lipands LI, L2, U, and L4. 
20 ml of each of the organic phase (0.02M LI, L2, U, and L4 dissolved in 
chloroform) and aqueous phase were contacted for 10 minutes until equilibrium was 
obtained. The phases were allowed to separate and the aqueous phase was removed 
and analysed. A measured portion of the organic phase was also taken for analysis. 
Fresh aqueous solution was then added to the remainder of the organic phase to give 
the same phase ratio as originally used. The phases were again contacted until 
equilibrium was obtained, and the same procedure adopted as described above. This 
process was carried out until saturation of the solvent with yttrium was obtained. Care 
must be taken to keep the same pH value of 0.6 throughout the series of shake-outs. 
From Figs. 6.41-6.44 yttrium extraction under these conditions needs different 
extraction stages for nearly completed recovery and the loading capacity for LI was 
2.04 KgM-3 , L2 is 1.23 KgM-3 , L3 
is 1.61 KgM -3 , and L4 is 1.62KgM 
-3 . 
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Number of stages 
Figure 6.41: The effect of number of stap-es on the Vttrium loadiniz capacity 
of Ll/CHC13- 
1.40 
1.20 
lb 1 «00 
0»80 
0.60 
0.40 
0.20 
0.00 
02468 
Number of stages 
Figure 6.42: The effect of number of stages on the yttrium loading capacitv 
of L2/CHC13- 
1.80 - 
1.60 - 
1.40 
1.20 - 
1.00 
0 8 . 0 
0.60 - 
0.40 - 
0.20 
0.00 
0 
Number of stages 
Figure 6.43: The effect of number of stages on the yttrium loadinp, capacity 
of L3/CHC13. 
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1.80 
1.60 - 
1.40- L4/CHC13 
1.20 - 
1.00 
0.80 - 
0.60 - 
1 0.40 
0.20 - 
0.00 
02468 
Number of stages 
Figure 6.44: The effect of number of stages on the yttrium loadinj_), capacity 
of L4/CHC13. 
6.2.3.2 Cerium(III) loadinp_ capacity of different lip_ands. 
20 ml of each of the organic phase (0.04M LI, L2, U, and L4 in chloroforrn) and 
aqueous phase were contacted for 10 minutes until equilibrium was obtained. The 
phases were allowed to separate and the aqueous phase was removed and analysed. A 
measured portion of the organic phase was also taken for analysis. Fresh aqueous 
solution was then added to the remainder of the organic phase to give the same phase 
ratio as originally used. The phases were again contacted until equilibrium was 
obtained, and the same procedure adopted as described above. This process was 
carried out until saturation of the solvent with cerium(Ill) was obtained. Care must be 
taken to keep the same pH value of 0.6 throughout the series of shake-outs. From 
Figs. 6.45-6.48 cerium(Ill) extraction under these conditions needs different 
extraction stages for nearly completed recovery and the loading capacity for LI was 
2.44 KgM -3 , 
L2 is 1.72 KgM -3 , 
L3 is 1.73 KgM-3 , and 
L4 is 2.15 KgM -3 . 
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2.00 - 
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Number of stages 
Figure 6.45: The effect of number of stages on the cerium(III) loadinp, capacitN, of 
Ll/CHC13. 
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Figure 6.46: The effect of number of sta2es on the cerium(III) loadinp- capacity o 
L2/CHCL 
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Figure 6.47: The effect of number of stap_es on the cerium(III) loadinp, capacity of 
L3/C! LCII 
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2.00 - L4/CHCI 3 
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0.00 -1 1 _4 
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Figure 6.48: The effect of number of stages on the cerium(III) loadinp, capacity of 
L4/CHCII 
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6.2.4 Comparison between the piperidine ligands on the distribution coefficient 
of yttrium. 
The effect of methyl group in pipendine compounds on the distribution coefficient of' 
yttnum from 0.5M sulfuric acid solutions as a representative for the heavy rare earth 
elements was investigated. By mixing equal volume of aqueous and organic phase 
(0.02M ligand dissolved in CHCIA I /I phase ratio, contact time 10 minutes, and the 
experiments were carried out at room temperature. The results in Table 6.21 and Fig 
6.49 show that the extracting power of these amides for Y 3+ is slightly affected by 
position of their methyl group. 
Table 6.21: Comparison between the piperidine lipands on the distribution 
coefficient of yttrium. 
Ligand Yttrium % 
extraction 
Distribution 
coefficient 
N-octanoic piperidine (L2) 88.20 7.47 
p-methyl N-octanoic piperidine (L4) 87.00 6.69 
m-methyl N-octanoic piperidine (L5) 87.5 7.00 
7.6 
7.4 
7.2 
Distribution 7 
coefficient 6.8 
6.6 
6.4 
6.2 
Ligand type 
Fip_ure 6.49: The effect of different piperidine tigands on the distribution 
coefficient of yttrium. 
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6.2.5 Comparison between the piperidine ligands on the distribution coefficient 
of cerium(III). 
The effect of methyl group in piper-idine compounds on the distribution coefficient of 
Ce(Ill) as a representative of light rare earth elements was investigated. By mixing 
equal volume of aqueous and organic phase (0.04M ligand dissolved in CHCIA 1 /1 
phase ratio, contact time 10 minutes, and the experiments were camed out at room 
temperature. The results show that the extracting power of these amides for Ce(Ill) is 
also slightly affected by position of methyl group. 
Table 6.22: Comparison between the piperidine lipands on the distribution 
coefficient of cerium(III). 
Ligand Cerium(III) % Distribution 
extraction coefficient 
N-octanoic 86.85 6.60 
piperidine (L2) 
p-methyl N-octanoic 82.70 4.78 
piperidine (L4) 
m-methyl N- 86.65 6.49 
octanoic piperidine 
(L5) 
7 
6 
5 
Distribution 4 
coefficient 3 
2 
1 
0 
Piperidine ligands 
Fip, ure 6.50: The effect of different piperidine lipands on the distribution 
coefficient of cerium(III). 
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By comparison of the effect of different ligands on the disti-ibution coefficient of 
yttnurn and cenum(Ill) and using different pipendi I ine based ligands, the separation of 
the two elements from each other is more easily obtained in L4 than L2 and L5. 
7.50 
7.00 
6.50 
Distribution 6.00 
coefficient 5.50 
5.00 
4.50 
4.00 
Piperidine ligands 
0 Yttrium 
M Cerium(III), 
Fip_ure 6.51: Effect of different piperidine lipands on the distribution coefficient 
of yttrium and cerium(III). (comparison). 
6.2.6 Effect of different diluents on the distribution coefficient of yttrium using 
L2. 
The distribution coefficient of yttrium has been studied using different organic 
diluents namely, benzene (1), toluene (2), o-xylene (3) and chloroform (4). The other 
studied factors were fixed at the values at which maximum distnbution coefficient 
occurred i. e. 1: 1 (v/v) organic to aqueous phase ratio, room temperature, 0.02M L2 in 
all diluents, and contact time 10 minutes. Results are presented in Table 6.23. It is 
obvious that benzene gives the highest distribution coefficient of yttrium, but in case 
of toluene and o-xylene there is a little decrease in yttrium distribution coefficient 
probably due to the presence of the methyl group, but all the aromatic diluents are 
better than CHC13- 
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Table 6.23: Effect of diluent on the distribution coefficient of v"rium using L2. 
Diluents Yttrium % 
extraction 
Distribution coefficient 
Benzene 89.00 8.09 
Toluene 88.50 7.69 
O-xylene 88.00 7.33 
CHC13 87.00 6.69 
8.50 
8.00 
Distribution 
7.50 
coefficient 7.00 
6.50 
6.00 
Diluents 
Fip_ure 6.52: Effect of diluent on the distribution coefficient of yttrium usinp, L2. 
6.2.7 Effect of different diluents on the distribution coefficient of cerium(III) 
usinlz L2. 
The distribution coefficient of cenum(III) has been studied using different organic 
diluents namely, benzene (1), toluene (2), o-xylene (3), and chloroform (4). The other 
studied factors were fixed at the values at which maximum distribution coefficient 
occurred i. e. 1: 1 (v/v) organic to aqueous phase ratio, room temperature, 0.04M L2 in 
all diluents, and contact time 10 minutes. Results are presented in Table 6.24. It is 
noticed that benzene and toluene give the slightly higher distribution coefficient of 
cenum(III), but all the aromatic diluents are better than CHC13- 
243 
Benzene Toluene o-xylene CHC13 
Chanter 6 
Table 6.24: Effect of diluent on the distribution coefficient of cerium(l H) usin4,3 
L2. 
Diluents Cerium(Ill) % 
extraction 
Distribution coefficient 
Benzene 85.50 6.57 
Toluene 85.50 6.57 
O-xylene 85.00 6.06 
CHC13 84.00 5.05 
7.00 
6.50 
6.00 
Distribution 
coefficient 5.50 
5.00 
4.50 
Figure 6.53: Effect of diluent on the distribution coefficient of ceriumOll) using, 
L2. 
By comparison of the effect of different diluents on the extraction of yttnum and 
cenum(III) by using of L2, choosing an aromatic diluent does help in the separation 
of two elements from each other. (Fig. 6.54). 
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Figure 6.54: Effect of different diluents on the distribution coefficient of 
_Vttrium and cerium(III) using 
L2. (comparison). 
6.2.8 Effect of different diluents on the Distribution coefficient of yttrium using 
L4. 
The disti-ibution coefficient of yttrium has been studied using different organic 
diluents namely, benzene (1), toluene (2), o-xylene (3), and chloroform (4). The other 
studied factors were fixed at the values at which maximum distnbution coefficient 
occurred i. e. 1: 1 (v/v) organic to aqueous phase ratio, room temperature, 0.02M L4 in 
all diluents, and contact time 10 minutes. Results are presented in Table 6.25 and Fig. 
6.55. It is obvious that benzene gives the slightly high distribution coefficient of 
yttrium, but in case of toluene and o-xylene there are little decrease in yttrium 
disti-ibution coefficient probably due to the presence of the methyl group, but all the 
aromatic diluents are better than CHC13- 
Table 6.25: Effect of diluent on the distribution coefficient of vttrium using L4. 
Diluents Yttrium % 
extraction 
Distribution coefficient 
Benzene 88.500 7.69 
Toluene 88.25 7.50 
O-xylene 88.00 7.33 
CHC13 87.00 6.69 
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7.80 
7.60 
7.40 
7.20 
Distribution 7.00 
coefficient 6.80 
6.60 
6.40 
6.20 
6.00 
Benzene Toluene O-xylene CHC13 
Diluents 
Fip, ure 6.55: Effect of diluent on the distribution coefficient of -,, ttrium usinp, L4. 
6.2.9 Effect of different diluents on the distribution coefficient of cerium(l I I) 
usinp_ L4. 
The distnbution coefficient of cenum(III) has been studied using different organic 
diluents namely, benzene (1), toluene (2), o-xylene (3), and chloroform (4). The other 
studied factors were fixed at the values at which maximum distribution coefficient 
occurred i. e. 1: 1 (v/v) organic to aqueous phase ratio, room temperature, 0.04M L4 in 
all diluents, and contact time 10 minutes. Results are presented in Table 6.26 and Fig. 
6.56. It is noticed that benzene gives the slightly high distribution coefficient of 
cerium(III), but in case of toluene and o-xylene there are very little decrease in 
cenum(III) distribution coefficient probably due to the presence of the methyl group, 
but all the aromatic diluents are better than CHC13. 
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Table 6.26: Effect of diluent on the distribution coefficient of cerium(l I I) using Am 
L4. 
Diluents Cerium(III) % 
extraction 
Distribution coefficient 
Benzene 80.60 4.15 
Toluene 80.50 4.12 
O-xylene 80.25 4.06 
CHC13 79.50 3.87 
4.15 
4.10 
4.05 
4.00 
Distribution 3.95 
coefficient 3.90 
3.85 
3.80 
3.75 
3.70 
Diluents 
Fip_ure 6.56: Effect of diluent on the distribution coefficient of cerium(III) usin 
L4. 
By comparison of the effect of different diluents on the distribution coefficient of 
yttnum and cerium(111) by using of L4, it can be seen that, It does help in the 
separation of two elements from each other. 
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Fip_ure 6.57: Effect of diluent on the distribution coefficient of yttrium 
and cerium(III) usinp, L4. (comparison). 
6.2.10 Effect of different diluents on the distribution coefficient of N'ttrium usin 
L5. 
The distnbution coefficient of yttrium has been studied using different organic 
diluents namely, benzene (1), toluene (2), o-xylene (3), and chloroform (4). The other 
studied factors were fixed at the values at which maximum distribution coefficient 
occurred i. e. 1: 1 (v/v) organic to aqueous phase ratio, room temperature, 0.02M L5 in 
all diluents, and contact time 10 minutes. Results are presented in Table 6.27 and Fig. 
6.58. It is obvious that toluene gives the slightly higher distribution coefficient of 
yttrium than benzene as in other amides, but still all the aromatic diluents are better 
than CHC13- 
Table 6.27: Effect of diluent on the distribution coefficient of yttrium using, L5. 
Diluents Yttrium % 
extraction 
Distribution coefficient 
Benzene 88.00 7.33 
Toluene 88.50 7.69 
O-xylene 87.75 7.16 
CHC13 87.50 6.69 
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7.80 
7.60 
7.40 
7.20 
Distribution 7.00 
coefficient 6.80 
6.60 
6.40 
6.20 
6.00 
Diluents 
Fip_ure 6.58: Effect of diluent on the distribution coefficient of yttrium usinp, L5. 
6.2.11 Effect of different diluents on the distribution coefficient of cerium(III) 
usinp, L5. 
The distnbution coefficient of cenum(III) has been studied using different organic 
diluents namely, benzene (1), toluene (2), o-xylene (3), and chloroform (4). The other 
studied factors were fixed at the values at which maximum distribution coefficient 
occurred i. e. 1: 1 (v/v) organic to aqueous phase ratio, room temperature, 0.04M L5 in 
all diluents, and contact time 10 minutes. Results are presented in Table 6.28 and Fig. 
6.59. It is obvious that benzene gives the slightly higher distribution coefficient of 
cenum(Ill), but in case of toluene and o-xylene there are little decrease In cenum(Ill) 
distribution coefficient probably due to the presence of the methyl group, but all the 
aromatic diluents are better than CHC13. 
Table 6.28: Effect of diluent on the distribution coefficient of cerium(III) using 
L5. 
Diluents Cerium(111) % 
extraction 
Distribution coefficient 
Benzene 87.00 4.15 
Toluene 86.75 4.12 
O-xylene 86.75 4.06 
CHC13 86.50 3.87 
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4.15 
4.10 
4.05 
4.00 
Distribution 3.95 
coefficient 3.90 
3.85 
3.80 
3.75 ýT, L 7. 3.70 
IAd 
Benzene Toluene O-xylene CHC13 
Diluents 
Fi2ure 6.59: Effect of diluent on the distribution coefficient of cerium(III) usinp- 
L5. 
By comparison of the effect of different diluents on the distribution coefficient of 
yttrium and cenum(III) by using of L5, it can be seen that, choice of diluent can help 
in the separation of two elements from each other using toluene. 
8.00 
7.50 
7.00 
6.50 
6.00 
Distribution 5.50 
coefficient 5.00 
4.50 
4.00 
3.50 
3.00 
Diluents 
Yttdum 
Cedum(III)l 
Fiaure 6.60: Effect of diluent on the distribution coefficient of vttrium and 
cerium(III) usinp_ L5 (comparison). 
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6.3 Conclusions. 
Efficient metal recovery can be facilitated by several different techniques such as 
pyrometallurgy and froth floatation. (24) Still liquid-liquid sok, ent extraction shows 
the most promise for the development of greener processes. To open up new 
flowsheets, ligands that transport metal sulfates with high selectivity arc needed. 
DOPEZ (LI) can be easily synthesised and has good extraction ability for both 
light and heavy rare earths. The optimum conditions for liquid-liquid extraction of 
yttrium from sulfate solution by using DOPEZ dissolved in CC14 was 0.02M 
concentration, cerium(Ill) was 0.04M, and lanthanum was 0.05M. The effect of 
sulfuric acid concentration on the extraction using DOPEZ/'CCI4 was investigated. 
Yttrium extraction increased by increasing sulfuric acid concentration but 
cerium(Ill) and lanthanum were decreased by increasing sulfuric acid 
concentration. The best diluent was CC14, equilibration time was 10 minutes, and 
room temperature. Piperidine derivatives (L2, L4 and L5) are also easy to 
synthesis with good purity and show promise in the extraction of yttn'um and 
cenum(III) under the conditions studied. 
Separation of trivalent lanthanides into their individual component is one of the 
most challenging endeavors in analytical and separation science, because of the 
similarity of their chemical properties. Since Siddall III first studied NN'- 
dialkylamides as extractants for separation of actinides in 196 1, (32) they were 
regarded as alternatives to TBP in the reprocessing of nuclear fuel in the early 
sixties. During the last forty years, many publications have described the 
remarkable properties of NN'-dialkylamides in the field of liquid-liquid 
extraction. (394 1) The principal advantages of diamides are easy synthesis, 
complete incineration and high stability with respect to chemical and radiolytic 
degradation. It has been shown that NN'-diamides are potentially good extractants 
for actinides, especially for U(VI). (34) This Chapter is a novel approach to the 
possible extraction of rare earth elements by amides of different structures, 
because no data on diamide solvent extraction of rare earth elements from sulfuric 
acid solutions have been published to now. Comparing piperazine and piperidine 
derivatives with other amide-extractants shown that these ligands are the most 
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promising ligand systems for effective separation of yttnum and cenum(III) under 
the conditions studied. 
6.4 Experimental Procedures. 
Chemicals were obtained from Signia-Aldnch Chemical Co.. Lancaster Synthesis 
Ltd., Avocado research Chemicals Ltd., Acros Organics, and the Department of 
Chemistry Breached Bottle Store, and unless otherwise stated, used as received. 
6.4.1 Instrumentation. 
NMR spectra were recorded by the author using either a Bruker ARX 250 
spectrometer or a Bruker DPX 300 spectrometer, or by Mr. Simon Barrett using a 
Bruker DRX 500 spectrometer at the Department of Chemistry NMR service. 
Microanalyses were obtained by Mr. C. Martin Huscroft and Mr. Ian Blakeley at 
the University of Leeds Microanalytical Service. Mass spectra were obtained by 
Ms. Tanya Marinko-Covell at the University of Leeds Mass Spectrometry Service. 
Infra-Red spectra were recorded as KBr discs or nujol mull by the author on a 
Didac FTIR spectrometer in the Department of Chemistry Inorganic Teaching 
Laboratory. 
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6.4.2 Lip-and Synthesis. 
6.4-2.1 Synthesis of NX-dioctano. vIpiperazine (LI) 
Octanoic acid (5.09g, 0.0348 mol) was added to thionyl chloride (20 ml) and 
heated under reflux for 5 hrs. The excess thionyl chloride was removed under 
reduced pressure to yield a yellow liquid which was used %vithout further 
purification. This was added to piperazine (2.99g, 0.03471 mol) and tnethylamine 
(7.04g) inl, 2-dichloroethane (250 ml) and heated under reflux for 16 hrs. The 
solvent was removed in vacuo and the resultant solid recrystallized from dictliý'] 
ether. 
Yield: 7.00g (0.021 mol, 80.5%) 
Analysis for C20H38N202 
Found: C 70.7 %, H 11.35 %, N 8.5 % 
Calculated: C 70.96 %, H 11.31 %, N 8.27 % 
1H NMR (250.13 MHz, CDC13,298 K): 3.74 (s, 4H, CIL Of C4H8N, ), 3.65 (s, 411, 
CH2 Of C4H8N2), 2.46 (t, 4H, 3J=4.7 Hz, CH2 Of C7HIS), 1.76 (t, 4H '3j = 
7.2 Hz, 
CH2 Of C7HIOý 1.43-1.41 (m, 16H, CH2 Of C7HI5)5 1.01 (s, 6H, CH3 Of C7HI5)- 
13C 11HI NMR (62.89 MHz, CDC13,298 K): 172.67 (C=O), 45.77 and 41.93 (CH2 
Of C4H8N2), 33.69,32.07,31.28,29.79,25.64,22.98 and 14.44 (CH2 Of C7H 15) 
MS (ES): 339.2 [M+] 
6.4.2.2 Synthesis of NNý-diacetylpiperazine (U) 
Acetyl chloride (9g, 0.1146 mol) was added to piperazine (2.5g, 0.0290 mmol) 
and triethylamine (I Og, 0.0891 mol) in of 1,2-dichloroethane (250 ml) and heated 
under reflux for 24 hrs. The solvent was removed in vacuo and the resultant solid 
recrystallized from hot acetone (50 ml). 
Yield: 8.5g, (0.050 mol, 73.9 %) 
Analysis for C8HI4N202 
Found: C 55.05 H 8.3 %, N 15.6 % 
Calculated: C 56.45 H 8.29 %, N 16.45 % 
H NMR (250.13 MHz, CDC13,298 K): 3.56 (m, 4H, Cff'-) Of C4H8N2)7 3.41 (m, 
4H, CH, Of C4H8N2) and 2.06 (CHi) 
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13CI 1H) NMR (62.89 MHz, CDC13,298 K): 169.68 (C=O). 46.4 and 41.6 (CH, 
Of C4H8N2), 21.71 LCH3) 
MS (ES): 171.1 [M+] 
6.4.2.3 Synthesis of N-Octanoylpiperidine (L2) 
Piperidine (I Og, 0.08223 mol) in chloroforrn (50 ml) was added to a solution of 
potassium carbonate (10g) in distilled water (50 ml) and the mixture stirred at 
room temperature for 3 hrs. Octanoyl chloride (5.7g) was prepared as described in 
6.4.2.1 and added to the reaction mixture and stirred for 2 hrs. The reaction 
mixture was cooled, the organic layer separated, dried over magnesium sulfate 
and the solvent evaporated in vacuo to yield a yellow oil. 
Yield: 12.25g, (0.058 mol, 78.03 %) 
Analysis for C13H25NO 
Found: C 71.9 %, H 12.15 %, N 7.1 % 
Calculated: C 73.88 %, H 11.92 %, N 6.63 % 
1H NMR (300.13 MHz, CDC13,298 K): 3.55 (t, 2H 
, 
3j = 5.6 Hz, CH-, of C5H, oN), 
3.40 (t, 2H, 3J=5.4 Hz, CH2 Of C5HIoN), 2.31 (t, 2H , 
3j = 7.4 Hz, CH, of 
CH2-C=% 1.67-1.53 (in, 8H, CH2), 1.32-1.28 (m, 8H, CH? ) and 0.88 (s, 3H, CH3 
Of C7H15) 
13CI 'HI NMR (75.47 MHz, CDC13,298 K): 171.8 (C=O), 47.05 and 42.9 (QH2 Of 
C5H, oN), 33.79,32.05,29.83,29.44,26.93,25.95,25.83,24.94 and 22.94 
(CHA 
14.38 CH3 Of (C5HIo) 
MS (ES): 212.0 [M+] 
6.4.2.4 Synthesis of N-Octanoyl-4-methylpiperidine (L4) 
4- Methylpiperi dine (I Og, 0.100827 mol) in chloroform (50 ml) was added to a 
solution of potassium carbonate (I Og) in distilled water (50 ml) and the mixture 
stirred at room temperature for 3 hrs. Octanoyl chloride (5.7g mol) was prepared 
as described in 6.4.2.1 and added to the reaction mixture and stirred for 2 hrs. The 
reaction mixture was cooled, the organic layer separated, dried over magnesium 
sulfate and the solvent evaporated in vacuo to yield a yellow oil. 
Yield: 12.55g, (0.056 mol, 79.94 %) 
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Analysis for C14H27NO 
Found: C 73.7 %, H 12.85 %, N 7.2 % 
Calculated: C 74.61 %, H 12.07 %, N 6.21 % 
IH NNIR (300.13 MHz, CDC13,298 K): 4.64-4.57 (m, I H, jjC-N of C-; '. ", ' ring). 
3.88-3.80 (m, IH, HC-N of C5N ring), 3.00 (pseudo t of d, IH. Jj= 12.60 HZ, J, 
2.50 Hz, HC-N Of C5N ring), 2.54 (pseudo t of d, I H, JI == 12.80 Hz, J-2.50 Hz, 
HC-N Of C5N ring), 2.33 (t, 2H , 
3j = 7.6 Hz, CH2 Of C6H 13-CH2C=O), 1.73- 1.5 5 
(m, 5H, aliphatic CH), 1.37-1.23 (m, 8H, aliphatic CH), 1.18-1.02 (m, 2H, 
aliphatic CH), 1.00-0.94 (m, 3H, CH3) and 0.92-0.88 (m, 3H, CH3) 
13Ct 'HI NNIR (75.47 MHz, CDC13,298 K): 169.91 (C=O), 44.37,40.32 (CN of 
C5N), 33.12,32.19,31.91,30.08,29.50,27.87,27.47,32.88,20.98,20.12 
(aliphatic C) and 12.45 (CH3 Of C7H15) 
NIS (ES): 225.80 [M +I 
6.4.2.5 Synthesis of N-Octanoyl-3-methylpiperidine (L5) 
3 -Methylpiperi dine (10g, 0.100827 mol) in chloroform (50 ml) was added to a 
solution of potassium carbonate (I Og) in distilled water (50 ml) and the mixture 
stirred at room temperature for 3 hrs. Octanoyl chloride (5.7g mol) was prepared 
as described in 6.4.2.1 and added to the reaction mixture and stirred for 2 hrs. The 
reaction mixture was cooled, the organic layer separated, dried over magnesium 
sulfate and the solvent evaporated in vacuo to Yield a brown oil. 
Yield: 13.05g, (0.056 mol, 83.12 %) 
Analysis for C14H27NO 
Found: C 72.61 H 12.15 N 6.65 % 
Calculated: C 74.61 H 12.07 N 6.21 % 
1H NMR (500.13 MHz, DMSO, 303,313,323,333,343,353,363,373 K): 4.19 
(d, 2H 
'2j = 12.6 
Hz, (A) CHN Of C5N), 3.73-3.66 (m, 2H, (B) CHN Of C5N), 
2.91-2.89 (in, I H, (B) CHN Of C5N), - 2.62 (in, I H, (B) CHN Of C5N), -2.49 (in, 
I H, (A) CHN Of C5N), and 2.26- 0.78 (unable to assign and differentiate between 
the isomers). 
13C 11H) NNIR (125.77 MHz, DMSO, 373 K): 53.61 (CH2N Of C514 ring (B), 
49.37 (CH2N Of C5H ring (A), 46.57 (CH2N Of C5H ring (B), 42.46 LCH2N Of 
C5H 
ring (A), and 33-90,33.74,33.47,33.37,32.21,32.07,31.64,31-31,29.83,29-4-5, 
255 
Ch 
26.40,25.99,25.87) 25.82,25.16,22.95,19.87,19.37,19.27, and 14.40 (unable to 
differentiate between the isomers). 
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